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PREFACE 








Although the scope and content of this textbook is designed for a one- 
semester transistor circuits course for electrical engineering students at the 
junior or senior level, by selective screening of the text material and assigned 
problems it may well apply to the advanced technical institute student. The 
advanced course that assumes little prior knowledge of the subject material 
may also find food for thought and study in the text and in the problems and 
references included. It is felt that the practising engineer, encountering tran- 
sistors for the first time, will find the analysis and design examples helpful as 
background for the solution of his specific problems. 

It is assumed that the reader has had an introduction to vacuum-tube 
electronics, and has a working knowledge of the fundamentals of both a-c 
and d-e circuit theory. This book is introductory and requires no prior knowl- 
edge of transistors or of semiconductor physics. 

The length of the text has been limited for two reasons: it seems appropriate 
for a one-semester course; and it is realized that the user may wish to inject 
additional material considered to be of importance. Especial effort has been 
made to extract from the vast quantity of semiconductor literature, and from 
unpublished work and practical experience, only that which appears necessary 
in order to analyze and design the simpler semiconductor circuits. Only the 
three most important of the many transistor equivalent circuits are con- 
sidered, and no detailed explanations are made of topics such as solid-state 
physics, pulse circuits or video amplifiers, as it is expected that this book may 
he used at a lower academic level than others in the same field. The problems 
and discussion questions included at the end of each chapter are used to in- 
troduce more advanced material as well as to enable the reader to gain self- 
confidence in his abilities. 

Chapter 1, while including only introductory material, has purposely been 
written as the most important few pages of the entire book. Indeed, a solid 
grounding in the subjects of bias current directions, characteristics curves, 
leakage currents and amplification factors is necessary, and, it is believed 
that if useable material is presented early in the text, interest will be stimu- 
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lated in the subject matter to follow. The Physics of Semiconductors, the 
subject of Chapter 2, is treated in great detail elsewhere. For this reason, 
only a very brief and simplified treatment is given here. Additional material 
on this subject would not be in keeping with the title of this text. The mate- 
rial of Chapter 3 may be compressed if a more general treatment of the biasing 
problem is used. Derivation of expressions for circuit gains and impedances 
accounts for much of Chapter 4; I believe, however, that we cannot pass over 
these applications of circuit theory too lightly, and in latter chapters good 
use can be made from the experience gained in Chapter 4. 

Portions of Chapters 5, 6, 7 and 9 reflect an ‘<ndustrial approach,” to 
electronics. Because so many of our graduates step directly from the campus 
into jobs that require creative circuit design, it seems desirable that they be 
prepared to take on this responsibility as rapidly as is feasible. 

This book is an outgrowth of work and associations with the General Elec- 
trie Company, West Lynn, Massachusetts, and the General Dynamics Cor- 
poration, Electric Boat Division, Groton, Connecticut, as well as the Uni- 
versity of Rhode Island. My thanks are extended to these organizations, to 
the other assisting industrial concerns and to the many reviewers and typists 
for their cooperation. 

FRANKLIN C. FITCHEN 
Kingston, Rhode Island 
April, 1960 
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Chapter 1 


INTRODUCTION TO THE TRANSISTOR 








The main application of the transistor as an electrical signal amplifier 
places it in a class with such well-known devices as the vacuum tube, mag- 
netic amplifier, relay, and transformer. Its history dates back to 1948, when 
it was invented by Drs. W. H. Brattain and J. Bardeen of the Bell Telephone 
Laboratories. In the brief span of years since its inception, the transistor has 
made fantastic inroads into applications formerly reserved for other active 
circuit elements. 

The transistor has been successfully employed for uses other than signal 
amplification. Transistor oscillators, modulators, demodulators, shapers, in- 
verters, and gates are highly successful; new designs of electronic circuitry 
are very predominantly transistorized. Since the vacuum tube has been a 
faithful servant for five decades, it is natural to wonder what manner of 
device this transistor is, and how it can nudge vacuum-tube circuitry into 
obsolescence so easily. Some of the basic advantages of the transistor that 
have enabled it to replace the vacuum tube in many applications follow: 


1. Long operating lifetime 

2. No heating (cathode) power required 
3. Operation at low voltages 

4, Small physical size 

5, Extreme ruggedness 


Because the transistor does not require a heating element to raise its tempera- 
(ure well above ambient, as is the case with the familiar vacuum tube where 
hot cathode is mandatory, transistor circuits are relatively cool. Since 
heat is a main contributor to circuit-component breakdown, transistor cir- 
cuits are exceedingly reliable. Coupling this advantage with the long operat- 
ing life of the transistor itself (estimates up to forty years as compared to 
2,000.to 10,000 hours for tubes), and with the possible miniaturization and 
shock and vibration resistance also afforded, it is not difficult to comprehend 
the widespread application of the transistor wherever feasible. 
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The transistor is not a perfect active device; indeed we should be astonished 
if it were. Among the limitations presently being minimized by industrial 
research are: 


1. Variations in characteristics among units of the same type 
2. Sensitivity to ambient temperature 
3. Inefficient high-frequency operation 


Early transistors were limited in their power-handling capacity, and were 
electrically noisy. The power limitations have been essentially overcome; at 
present a single power transistor may be used to control a load of several 
kilowatts, and this frontier is being extended almost daily, with the upper 
limit virtually nowhere in sight. Reductions in noise have resulted in tran- 
sistors with typical noise factors of two decibels, compared to the 50- to 60- 
decibel factors of early production types. Improved manufacturing tech- 
niques are reducing the variations in operating characteristics among units 
of the same type, and it is believed that soon this will no longer constitute a 
major problem confronting the circuit designer. Research directed toward 
improved high-frequency performance has greatly extended the operating 
frequency range and, if some of the transistor types now in the developmental 
stage prove feasible, high-frequency limitations will be nullified. Although 
low-voltage operation is generally a distinct advantage, in certain applications 
operation at higher voltages is a requirement, and the electronic engineer has 
been provided with a family of transistors that will operate at all practical 
voltage levels. 

The introduction of the junction transistor in 1951 and its subsequent de- 
velopment was a major factor in the rapid growth of transistor electronics. 
Prior to 1951 transistors were of the point-contact variety; the junction type 
is the mainstay of today’s manufacture because it can handle larger amounts 
of power, is more easily fabricated, and generates less noise. This text is de- 
voted to the analysis and design of junction transistor circuits. 

1-1. Semiconductors. The transistor is a solid structure formed from 
semiconductors. Semiconductors are materials whose electrical resistivity is 
lower than that of insulators and higher than that of conductors. By way 
of comparison, the resistivities of conductors are of the order of 10~° ohm-cm; 
of insulators, 10° ohm-cm and greater; and of semiconductors 10! ohm-cm. 
But electrical resistance is not the only defining characteristic of a semicon- 
ductor. The resistivity of semiconductors decreases with temperature, rather 
than increasing, as is common with metallic conductors. Another characteris- 
tic of a semiconductor is the type and degree of the binding force between 
atoms, and a fourth characteristic of such materials is the extent to which 
electrical properties depend upon impurity content. Two members of the 
carbon family, the elements germanium and silicon, in their crystalline form 
are classified as semiconductors, and have widespread use in solid-state de- 





INTRODUCTION TO THE TRANSISTOR 3 


vices. The addition of small amounts of impurities to the pure elements alter 
their conductional properties and the composite is termed either n-type ma- 
terial, which has an excess of free electrons compared to a crystal of the pure 
element, or p-type material, which has a deficiency of electrons in its crystalline 
structure when so compared. By sandwiching n-type and p-type materials 
together, various conduction characteristics may be achieved. Fig. 1-1 sym- 
bolizes the construction of the two common forms of the junction transistor. 
Both n-p-n and p-n-p structures can be manufactured and are in common 
use. Designation of the terminals as shown in Fig. 1-1 is discussed in Sec. 1-3. 
Emitter-base junction 


Collector-base junction 










Emitter Collector Emitter Collector 


Fig. 1-1. Symbolic construction of the junction transistor; (a) n-p-n; (b) p-n-p. 


The physical principle of operation of the transistor, and also the semicon- 
ductor diode, bears no similarity to that of the familiar vacuum tube. Vac- 
uum-tube operation relies upon the control of the movement of free electrons 
through a vacuum, or in certain tube types, through a gas. In semiconduc- 
tor devices, charge movement occurs within solid materials, and a high tem- 
perature is not required for electrons to escape from a surface, because opera- 
tion is not dependent upon surface emission. A more detailed treatment of 
semiconductor physics and a discussion of the interesting process by which 
amplification is achieved is reserved for Chapter 2. 

1-2. Diodes. Before proceeding with the discussion of the junction tran- 
sistor, let us briefly consider the semiconductor diode, a two-element device 
useful for rectification and detection in electronic circuits. The junction diode, 
which consists of a single p-n junction, is similar to its vacuum-tube counter- 
part in that it is incapable of amplification (except in special circuits 2) and 
is characterized by the property of allowing current to pass easily in but one 
direction. Vacuum-tube nomenclature is applicable to all semiconductor 
diodes; they are said to pass current easily from anode (plate) to cathode. 

Circuitwise and constructionwise, the semiconductor diode may be sym- 
bolized as shown in Fig. 1-2. The arrowhead (which is an integral part of 
the symbol) serves to indicate the direction of ‘forward” conventional current. 
If a positive potential is applied to the anode, the diode is said to be forward- 
biased, and will exhibit a fairly low value of forward resistance. On the other 
hand, a direct-voltage supply of the opposite polarity provides a reverse bias, 


"Superior numbers refer to references cited at the end of each chapter, 
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very little current flows, and the diode exhibits a high reverse or back resist- 

ance. Should this reverse voltage exceed a certain value, called the 

‘Anode rated peak-inverse-voltage (P.I.V.) of 

the diode, normal operation ceases, 

P| a and a large back current is evident. 

These characteristics of a junction 
diode are graphed in Fig. 1—2b. 

It is interesting to note that semi- 


Cathode 
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REVERSE FORWARD 1-3. Transistors. The common 
VOLTAGE ei VOLTAGE transistor is a three-terminal device 


and is referred to as a triode. The 
terminals are denoted as the emitter, 
the base, and the collector (refer again 
to Fig. 1-1). Fig. 1-3 shows various 
symbols used in circuit diagrams to 
represent junction transistors. In this text symbols (a) and (b) of that 
figure will be used exclusively. Since the p-n-p device is the predominant of 
the two forms it will be considered the more frequently here. The differences 
between p-n-p and n-p-n devices will be described later. 


(a) (b) (c) (d) (e) 


Fig. 1-3. Common transistor symbols: (b) is an n-p-n unit, all others are p-n-p. In 
all cases the left-hand terminal is the base, the uppermost terminal is the collector, and 
the lower terminal is the emitter. 


Fig. 1-2. Semiconductor diode: (a) cir- 
cuit symbol and symbolic construction; 
(b) typical characteristic. 


f) 
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One terminal of the transistor may be designated as the input terminal, 
one as the output terminal and the third as the common. Thus there are six 
possible configurations that could be utilized, only three of which have proved 
useful and will be seriously considered here: the common-emitter configuration 
(also called grounded-emitter), in which the input signal is applied between 
base and common; the common-collector configuration (also called grounded- 
collector), with the base again the input terminal; and the common-base con- 
figuration (also called grounded-base), in which the emitter terminal is sup- 
plied by the signal source. Since power gain is desired in application, the 


R, 


(a) (b) (c) 


I'ig. 1-4. Transistor and vacuum-tube configurations: (a) common-emitter and 
wrounded-cathode; (b) common-base and grounded-grid; (c¢) common-collector 
(emitter-follower) and grounded-plate (cathode-follower). 


base terminal must always be one of the two input terminals and the collector 
must always be one of the two output terminals. The three useful amplifying 
configurations and their vacuum-tube analogs are shown in Fig. 1-4. From 
performance studies such as those of Chapter 4, it can be concluded that the 
common-emitter transistor connection corresponds most closely to the 
grounded-cathode circuit, the common-collector transistor connection (also 
called emitter-follower) corresponds most closely to the cathode-follower cir- 
cuit, and the common-base transistor connection is similar to the grounded- 
grid vacuum-tube orientation. 

It has previously been noted that no filament or heater is required with 
semiconductor devices. Another important difference between the transistor and 
the vacuum tube is the finite and relatively small-valued input impedance of the 
former, When a potential is applied to the input terminals of a transistor in 
any configuration, an input current is evident. Because the circuit load is 
supplied with an amplified version of this input voltage and current, the 
transistor is considered to be a power amplifier. Since the device provides 
power amplification, we need not expect voltage gain from all circuitry nor 


6 TRANSISTOR CIRCUIT ANALYSIS AND DESIGN 





should we expect current gain from all usable connections, but in almost all 
practical circuits a transistor will raise the power level of a signal supplied 
to its input. 

The existence of transistors of opposite conductivity types (p-n-p and 
n-p-n) permits complementary-symmetry circuits impossible with vacuum 
tubes. For push-pull amplifiers no phase inverter is necessary, and in direct- 
coupled amplifiers, the need for numerous supply voltages is reduced. As 
applications for complementary circuits arise they will be treated. 


Base 
current 





Fig. 1-5. Example of transistor notation. 


1-4. Symbols. A system of symbols to be used to designate circuit quan- 
tities in this book is both desirable and necessary, for a great many abbrevia- 
tions will be encountered by the reader. In general, transistor circuit nota- 
tion follows several general rules—they are listed here and will be used in the 
pages that follow. Symbols have been chosen to conform with current 
practice.’ 


1. D-c values of quantities are indicated by capital letters with capital 
subscripts (Iz, Voz). Direct supply voltages have repeated sub- 
scripts (Ezz, Eznr). 

2. Rms values of quantities are indicated by capital letters with lower- 
case subscripts (I,, Veo). 

3. The time-varying components of currents and voltages are designated 
by lower-case letters with lower-case subscripts (72, 0b). 

4. Instantaneous total values are represented by lower-case letters with 
upper-case subscripts (¢c, vez). 

5. Maximum or peak values are designated like rms values but bear an 
additional final subscript m (Lem, Voem)- 

6. Circuit elements are given capital letters (21, Cp); transistor param- 
eters have lower-case symbols (r-, hi1). 


Fig. 1-5 may help in understanding this notation system. In the diagram 
in is the instantaneous total value of the wave, and 7 is the instantaneous 
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value of the time-varying component of ig. I, designates the average or d-c 
value, Im represents the peak and I; the effective value of the alternating 
component. 

To designate a constant-current source or generator on circuit diagrams, 
the two symbols of Fig. 1-6a are employed. The arrowhead serves to show 
the direction of current being supplied, and the “cycle” (~) specifies an alter- 
nating quantity. 

Constant-voltage sources are symbolized as shown in (b) of Fig. 1-6. The 
conventional battery symbol designates a direct voltage source, and the circle 
with the “cycle”? represents a source of alternating potential, with polarity 
marks representing the instantaneous condition. 


(a) (b) 
Fig. 1-6. Symbols for sources. 


1-5. Graphical Characteristics. A graphical representation of the operat- 
ing properties of the transistor is desirable because it is a nonlinear active cir- 
cuit element. It has been stated that the input impedance is finite; therefore 
an input characteristics curve is required, as well as a curve to represent out- 
put-circuit properties. Indeed, two sets of curves are necessary to completely 
specify transistor operation. 

For each of the three practical circuit configurations, both an input curve 
and an output curve are applicable. Consider first the common-emitter 
oriented transistor shown in Fig. 17a, with supply potentials and appropriate 
indicating devices. Intentional variations in the supply potentials yield data 
for the curves of Figs. 1-7b and 1-7c, commonly known, respectively, as the 
static collector characteristics and the static base characteristics for a common- 
emitter connected transistor. A family of curves is necessary in each instance 
because 

Io = f (Iz, Vee) (1-1) 
and 
Ip = f(Var, Von). (1-2) 


From study of these curves some generalizations can be made. The output 
characteristics are similar to those of a pentode tube, since both the transistor 
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COLLECTOR CURRENT (I) IN MILLIAMPERES 


0 5 -10 -15 
COLLECTOR-TO-EMITTER 
VOLTAGE (Vog) 
(b) 








BASE-TO-EMITTER 
VOLTAGE (Vgr) 











+25 0 25 —50 -75 —100 
BASE CURRENT (I, ) IN MICROAMPERES 
(c) 


Fig. 1-7, Common-emitter configuration: (a) circuit for determination of characteris- 
tics; (b) typical output family; (c) typical input family. 
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and the pentode are ‘“‘current sources,” to the extent that their output cur- 
rents are nearly independent of supply voltage (as evidenced in the figure by 
the nearly horizontal nature of the lines of constant base current). Depicted 
here are the characteristics of a low-power transistor, but from this and other 
information we shall eventually reach a general conclusion, that the transistor 
is a low-voltage, high-current device whereas the vacuum tube is a high-voltage, 
low-current device. With the transistor any base-current variation dictates a 
corresponding collector-current excursion, while vacuum-tube operation may 
be described by grid-voltage swings controlling plate-current magnitude. 

Negative signs preceding current and voltage values on the curves are the 
results of the conventions of general network theory; currents flowing into a 
device or circuit node are considered positive, and when potentials are desig- 
nated by double subscripts, the first subscript indicates the point imagined 
to be the more positive. The use of negative signs preceding base current 
and collector current values in Fig. 1-7b suggests that for normal operation 
the static portions of these currents must be leaving their respective terminals 
(p-n-p). Emitter current, although not used in the curves, must enter the 
transistor and therefore would be considered positive. Vcg is shown as nega- 
tive because the collector (first subscript) is not more positive than the emitter 
(second subscript). 

Often the information contained in the curves may be displayed in other 
ways for special purposes. Transfer characteristics, a plot of collector current 
versus base current for specific collector-to-emitter voltages, is sometimes 
employed. Occasionally the transfer characteristics relating base-emitter 
voltage to collector current may be utilized. Information for these presenta- 
tions may be obtained from the regular characteristics (see Problem 1-11). 

A complete set of data taken of all currents and potentials in the circuit of 
‘ig. 1-7a would enable us to plot not only the common-emitter curves, but 
the common-base and common-collector characteristics as well. For the 
common-base configuration, interest is centered about the collector-to-base 
voltage (Veg) and collector current (Zc) as output quantities, and emitter- 
(o-base voltage (Vgg) and emitter current (Jz) as input quantities. The 
static input and output characteristics for this configuration are displayed in 
Vig. 1-8. 

The common-base collector curves are extremely flat, indicating a high out- 
put resistance, and the spacing between curves of constant input current is 
extremely uniform, denoting little contribution to output waveform distor- 
tion. Distortion, however, is also dependent upon the shape of the input 
characteristics, 

Common-collector circuits exhibit output characteristics similar to those of 
the common-emitter, for output quantities are nearly the same (Vac = —Voxz 
and I» & Ic), Some of the problems at the end of the chapter may be used 
to investigate this connection further, 
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Fig. 1-8. Common-base connection: (a) typical output family; (b) typical input 
family. 


1-6. The Operating Point. Establishing a proper operating point ‘for a 
transistor stage is necessary in order for the input signal to be transferred to 
the load faithfully and to be amplified successfully. A proper operating point 
is achieved by providing appropriate direct potentials to both the input and 
the output terminal pairs. For biasing purposes only, a junction transistor 
can be thought of as two junction diodes, one associated with the p-n junction 
of the emitter-base circuit, and the other associated with the n-p junction of 
the base-collector circuit. For transistor operation it will be shown that the 
emitter-base diode is always forward-biased and the collector-base diode is always 
reverse-biased. 

A helpful rule for p-n junctions follows: “for forward-biasing connect supply 
positive to p-material.” Naturally, the converse is true for reverse biasing. 
This rule is applied to the p-n-p transistor in the three practical configurations 
shown in Fig. 1-9. For each connection, the emitter terminal is made more 
positive than the base, and the collector terminal is made more negative than 
the base. 


E B 





(a) (b) 


Fig. 1-9. Supply potential connections for normal transistor operation (p-n-p): 
(a) common-emitter; (b) common-base; (c) common-collector. 


Although the transistor can be visualized as two junction diodes to assist 
in the establishment of an operating point at some desired point in the active 
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region of the collector characteristics, transistor operation, as we shall see in 
Chapter 2, is not that of two back-to-back diodes. 

Circuitwise, the major difference between p-n-p and n-p-n units can be 
appreciated from the practical circuit of Fig. 1-10. Base current for a p-n-p 
transistor flows away from the base terminal; for an n-p-n unit it must flow 
into the base. Collector-voltage polarities are also opposite: the p-n-p type 
requires a negative collector potential; the n-p-n, a positive. 





—Epzp —Ecc t+Epp t+Ecc 
(a) (b) 


Fig. 1-10. Biasing for transistors: (a) p-n-p unit; (b) n-p-n unit. 


A summation of currents entering the transistor yields a very important 
relationship describing the magnitudes of the terminal currents: 


Ip = Ic + Ip. (1-3) 


iq. (1-3) applies to either conductivity type and will play an important role 
in the discussions to follow. The actual directions of these currents are as 
shown in Fig. 1-10. The arrowhead in the transistor symbol is useful in 
describing the direction of emitter current. A knowledge of the magnitude 
of the various currents of Eq. (1-3) is indispensable; such information may be 
gained from the curve of Fig. 1-7b. At a specific collector potential, —5 
volts for example, it is obvious that when base current is —25 ya, collector 
current is —1 ma. Therefore emitter current, which is the sum of the other 
two, must be 1.025 ma. A general rule for junction triodes is valuable: 
emitter current is the largest of the three currents, and is approximately equal in 
magnitude to collector current. 

1-7. Amplification. ‘Current-amplification factor” is a term frequently 
used to describe transistor quality and is symbolized by the Greek letters a 
(alpha) and 6 (beta). It is the ratio of the variation in output current to the 
variation in the input current that caused it, with constant collector potential. 

For the common-base configuration, a is used most extensively to represent 
“ourrent gain,’ and is defined as 

aus Se (1-4) 


diy Yo ymoonnt. 
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Here we are making use of symbols that denote total quantities. When the 
amplification of an alternating signal is being considered, Eq. (1-4) requires 
that the transistor load be an a-c short circuit in order for the current am- 
plification to be a. 

A pictorial definition of a is shown in Fig. 1-11. A vertical line satisfies the 
requirement that total collector voltage be constant. Along that line, if a 
sample variation in ig is assumed and the resulting excursion in 7¢ measured, 
the value of a may be calculated. For junction transistors a never exceeds 
unity and generally lies between 0.9 and 1.0. Graphically it is difficult to 






































100 (0.5 5 -5 10 ~15 —20 


Fig. 1-11. Pictorial definition of a. 


perform a precise measurement of the two current quantities, because of their 
near equality. ; 
Beta represents the “current gain” of a transistor in the common-emitter 
configuration 
_ tie 6) 


0tB Vgp=const. 


8 is very large in comparison with a. Practically, 8 takes on values up to 
300 and higher, although most commercial units have a 8 of perhaps 25 to 100. 
Since Eq. (1-3) related the three transistor currents, the amplification factors 
are also related: 

B= as (16a) 


l—-—a 





Also of importance is the complementary relationship: 


ideas (1-6b) 
B 
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Other names and symbols exist in the literature > as a means of describing 
amplification quantities, some of which will be developed later in the text. 
For_common-cotlector circuits the current-amplification factor may be ap- 
proximated d by 8/e or by 8 alone ne. 

Although a does not exceed ney and thus load current is smaller than input 
current in the common-base configuration, power gain is nevertheless possible 
because of different impedance levels. The input resistance, R;, generally is 
very low, of the order of 50 ohms, when the device is connected to a load, 
Rr, of 50,000 ohms. Since power gain, G, is the ratio of signal power delivered 
to the load to signal power supplied to the input terminals, 

Py i ehe. 2er 


7 eae ~“—* ~ 1000 
Pe JAK; R; 








with the quoted values. 

The common-emitter configuration exhibits an input resistance that is 
higher than that of the common-base connection, and an output resistance 
that is lower, but because of the greater value of current gain (6 & 50) con- 
siderable power gain can result. If R; is assumed to be 1000 ohms, and, a 
sample stage is feeding a 2000-ohm load, the resulting power gain is 


Tey _ BRL 
ae eR; R; 


For a transistor used as a common-collector amplifier, the current gain is 
approximately B/a but the input resistance is higher; 100,000 ohms would be 
4 realistic value. Thus, for a load of 2000 ohms, 


12R 2R 
sepia (*) 1 ~ 50. 
T2R; R; 


The quantities a and 8 were previously defined as short-circuit current- 
amplification factors. Since, in the examples cited above, the load resistance 
was not zero, and consequently vc was not constant, the preceding power 
gain calculations were approximations. More exact expressions for circuit 
gains are presented in Chapter 4. 

The amplification properties of a device or circuit can be specified by the 
numerical ratio of the magnitudes of output to input quantities or by the 
decibel, a logarithmic unit of power ratio. By definition, power gain in decibels 
in 


= 5000. 











Po 
Gain in db = 10 log p (1-7) 


i 
where the subscript 0 again represents an output or load quantity and the sub- 
script 7, the quantity supplied to the circuit by a signal source. Should we 
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wish to extend this definition to voltage and current quantities, then Eq. (1-7) 
becomes 








Gain = 101 Vode db 
ain = og VIR; ; 
or 
Gain = 101 Ro db 
ain = og TPR; H 
If R, = Ri, a r 
Gain = 101 (=) = 20 log — db, (1-8a) 
aln og v; og v; 
and ; 
Gain = 20 log = db. (1-8b) 


Eqs. (1-8a) and (1-8b) are correctly employed only for identical resistance 
levels. In transistor circuits the levels may be vastly different. Nevertheless 
it is customary to use the voltage and current equations in practice regardless 
of resistance levels. 

As an example of the use of the decibel, the results of the three preceding 
gain calculations may be expressed in this unit. A power gain ratio of 1000 
is 30 db, 5000 is 37 db, and 50 is equivalent to 17 db. 





(a) (b) 


Fig. 1-12. (a) Ico is collector-base current with emitter open; (b) Izo is emitter-base 
current with collector open; (c) Iczo is collector-emitter current with base open. 


1-8. Leakage Currents. Refer now to Fig. 1-8a and note that when the 
emitter is open, i.e., no emitter current is permitted; a small collector current 
does exist. This current, termed Ico (Iczo by some), is the reverse or leakage 
current of the reverse-biased collector-to-base junction, and in germanium 
units is generally of the order of several microamperes. Ico may vary con- 
siderably among otherwise similar units, and is extremely temperature-sensi- 
tive. A slight increase is noted in Ico with collector voltage, but generally 
it is considered a constant for a particular transistor at a specified temperature. 
The circuit of interest is that of Fig. 1-12a. The importance of the leakage 
current lies in the effect of its variations upon the operating point, a thorough 
discussion of which is reserved for Chapter 3. 
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We may now describe the common-base collector characteristics mathe- 
matically with a knowledge of a and Igo. At any particular collector po- 
tential, 

Ie alg + Ico. (1-9) 


If the collector of a transistor is unconnected as in Fig. 1-12b and-a voltage 
applied from emitter to base to reverse-bias that junction, the resultant cur- 
rent is termed Igo (also Ingo). Ino is, of course, temperature-dependent, 
and is the reverse or leakage current of the emitter-to-base p-n junction. 
This junction is forward-biased in normal operation. 

Leaving the base terminal unconnected, and applying a potential from 
collector to emitter that serves to provide a reverse bias for the collector-to- 
base junction, as shown in Fig. 1-12c, results in a small current termed I¢zo. 
The relative magnitude of Ic¢zo may be studied by substituting Eq. (1-3) 
into Eq. (1-9): 








; I¢ = a([e + Iz) + Ico. (1-10) 
Rearranging, 
i I 
pa ee, (1-11) 
l—a l-a 
If Eq. (1-6a) is substituted into Eq. (1-11), 
Ic = BIp + (8 + 1)Ico. (1-12) 


‘rom the common-emitter collector characteristics, when Iz = 0 the resulting 
collector current is Iczo. Therefore, for any particular collector potential, 


Icro = (8 + 1)Ico. (1-18) 
Then Eq. (1-12) becomes 


Ic = BIp + Iczo. (1-14) 


Inq. (1-14) provides a mathematical description of the common-emitter char- 
acteristics. 

‘lo summarize the above discussion, Ico is the collector-base leakage cur- 
rent, when a normal collector potential is applied and the input circuit (emit- 
(er) is open for the common-base configuration. For the common-emitter 
connection, the collector current when the input (base) is open is Iggo, and 
is many times greater than Ico. 

1-9. Saturation and Cutoff Regions. The common-emitter configuration 
has become the favorite of circuit designers primarily because of the high 
degree of power amplification it provides. It therefore seems appropriate 
that a thorough study be made of this connection. In doing so, we find that 
the collector characteristics can provide more information concerning opera- 
tion than is immediately apparent from examining a typical curve such as 
Nig. l-7b, 





16 TRANSISTOR CIRCUIT ANALYSIS AND DESIGN 





Suppose that we investigate the low-voltage region of the collector charac- 
teristics. The region of the curve from zero to several hundred millivolts has 
been called the saturation region because incremental changes in base current 
do not cause the correspondingly large collector-current changes that are 
found at higher collector voltages. (This region is also referred to as the 
bottomed region.) Although Fig. 1-7 seems to indicate superimposed lines of 


constant base current, they are not actually superimposed when an expanded 
lt LLL AA A 
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Fig. 1-13. Saturation region of a medium-power transistor, common-emitter configura- 
tion. 


scale is used to depict the low-voltage region of the characteristics, as in 
Fig. 1-13. 

Both p-n junctions are forward-biased in the saturation region. The 
existence of this region is commonly specified by a saturation resistance, sym- 
bolized by Res, which may be determined from the slope of the constant base 
current lines in Fig. 1-13. For germanium transistors, Recs is generally less 
than 20 ohms, and in the majority of applications can be neglected; low-power 
silicon transistors, however, exhibit a saturation resistance of several hundred 
ohms, which seriously limits the allowable operating portion of the character- 
istics. It is evident from the figure that the magnitude of the saturation 
resistance is dependent upon base current and therefore a value ascribed to 
Reg pertains at the specified I¢ and Ip. 

Let us turn our attention to the low-current region of the collector charac- 
teristics. The symbol Igo has been introduced to designate collector current 
when J, is zero, and our curves indicate the relations between Ic and Voz 
when base current is leaving the base terminal of a p-n-p transistor. The 
question now arises “can the transistor be operated with reverse base cur- 
rent?” If, to answer this question, we were to view a few typical collector 
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characteristics, we should find no indication that operation is possible below 
Icro, because lines of constant base current are not drawn for that region. 
However, if a little thought is given to 
the common-base configuration, the 
answer to this question is available, 
for the leakage current Ico flows into 
the base of a p-n-p transistor, and, 
consequently, operation is possible as 
low as Ico in the common-emitter 
connection. +Ico Iz 

Fig. 1-14 is intended to clarify the 
relationships among the quantities of 
interest in the cutoff region. Base 
current cannot take on values more 
positive than I¢g because Ico represents a leakage current that is generally 
independent of applied potential. 

1-10. Summary. Transistor operation has been described by the various 
curves, definitions, and equations contained within this chapter. This ma- 
terial, while mainly descriptive, is the most important portion of the text 
and, as the reader progresses, he will notice that the succeeding chapters 
serve mainly to clarify and extend the concepts introduced here, in order to 
gain a usable understanding of the transistor and transistor circuitry. 

It is possible for the reader with a solid grounding in vacuum-tube circuit 
techniques to employ the material thus far discussed for the design of workable 
transistor circuits. However, without a knowledge of the pitfalls inherent in 
semiconductor circuits, namely biasing stability, thermal runaway, and 
parameter variations, good circuit design is not probable. 

Chapter 2 is an introduction to the physics of semiconductors. Every 
engineer who would work with transistors should have a knowledge of their 
physical operation in order to appreciate their limitations. Familiarity with 
the physical processes will enable the reader to cope more easily with the 
advances in the science of solid-state physics and the art of semiconductor 
device design that are to be expected in the coming decade. 





Fig. 1-14. Portion of the transfer 
characteristic depicting leakage currents, 
common-emitter configuration. 


PROBLEMS 


1-1. Explain how the term “signal amplification” applies to the vacuum 
tube, magnetic amplifier, transformer, and relay. 

1-2. Calculate 6 from Fig. 1-7b for Voz = —10 volts. Does 8 vary with 
collector voltage? Does 6 vary with collector current? 

1-3, Explain the convention used in Fig. 1-7b that results in Voz, Ic, 
and J, having negative signs. What signs would be used for the currents of 
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an n-p-n device? Would you expect all manufacturers and engineers to follow 
this convention? 

1-4. Design a circuit to obtain the static characteristics curves for a com- 
mon-base connected low-power iransistor. 

1-5. By using the information contained in Fig. 1-9, draw diagrams similar 
to Fig. 1-10a and 1-10b for both p-n-p and n-p-n transistor types in the 
common-base and common-collector configurations. 

41-6. Explain why the input characteristics of a common-base connected 
transistor are similar to the forward characteristics of a semiconductor diode. 

1-7. Use Fig. 1~7c and the definition of the dynamic input resistance of 
the transistor as the slope of taat characteristic to plot dynamic input re- 
sistance against base-to-emitter voltage for a constant collector voltage of 
—10 volts. 

1-8. Explain why Ig in Fig. 1-7c can take on positive values up to Ico. 
Draw the circuit to provide Vgz = 0 to assist your explanation. 

1-9. A given transistor exhibits a short-circuit current amplification of 
0.995 when used in a common-base circuit. Calculate its short-circuit current 
gain as a common-emitter amplfier and also as a common-collector amplifier. 

1-10. Discuss the similarities and differences between common-emitter 
operation of the 2N475 transisior (Appendix I) and a pentode such as the 
6AU6 (see tube manual). 

1-11. Using the information contained in Fig. 1-7, plot static transfer 
characteristics 

(a) With collector current as abscissa and base voltage as ordinate for 
values of collector voltage of 0,5, and 10 volts. 

(b) With collector current as abscissa and base current as ordinate for 
values of collector voltage of 0,5, and 10 volts. 

1-12. Express the ratio B/a solely as a function of 6 and solely as a func- 
tion of a. 

1-13. Derive Eqs. (1-6a) and (1-Gb). 

1-14. Calculate the approximate voltage gain for each configuration using 
the same numbers for a, 8, R; and Rz, as used in the text examples of Sec. 1-7. 

1-15. Using Eqs. (1-3) and (1-9), derive an expression for Jz in terms of 

Ip and Icgo, and from your derived expression predict and sketch the output 
characteristics for a transistor in the common-collector configuration. Dis- 
cuss the spacing between lines of constant Iz and also discuss the Iz = 0 line. 

1-16. A transistor known to have 8 = 100 and Ico = 5 ua is connected in 
a circuit as a common-emitter stage and a measurement of the collector cur- 
rent yields Ig = 1 ma with zero load resistance. Calculate Ip, Ip, a, and 

Icgo under these conditions. 

1-17. Calculate the d-c collector saturation resistance Reg from Fig. 1-13 
for each displayed value of base current at Vez = 100 millivolts. 

1-18. A sound-amplifying system supplies a loudspeaker with 4 watts of 
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audio power when the system, which has an input resistance of 10,000 ohms, 
is supplied with a 0.2-volt signal. The speaker is of the common 4-ohm 
variety and is assumed to be noninductive. 

(a) Express the power gain in db. 

(b) Express the voltage gain in db. 

(c) Express the current gain in db. 

(d) Express the resistance-level ratio in db by extension of Eq. (1-7), and 
subtract from the answer of part b in order to arrive at the answer to part a. 

1-19. By using the expression, Eq. (1-12), that predicts the idealized col- 
lector characteristics show that, for a common-emitter oriented transistor, a 
base current of —Ico causes a collector current of equal magnitude. 

1-20. On a single sheet of graph paper, approximate the common-base and 
common-emitter collector characteristics for a transistor with a = 0.975, 
Ico = 10 wa, and Reg = 200 ohms. Let collector currents range to 5 ma and 
collector-junction potentials to 20 volts. 

1-21. Iczo, Iczo, and Igo have been used to symbolize transistor leakage 
currents. 

(a) Suggest the system being used that results in this three-subscript 
notation. 

(b) Sketch circuits to independently measure each of these currents for an 
n-p-n transistor. 
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Semiconductor devices have been used in electrical circuits since the galena 
erystal or “cat’s whisker” of pre-vacuum-tube days. Dry rectifiers using 
copper oxide and selenium were widely accepted for battery charging and 
electronic rectification during the two decades prior to the introduction of 
the transistor and the junction diode; and thermistors and photoelectric de- 
vices of semiconducting materials were useful circuit components. Under- 
standing of the operation of these earlier semiconductor devices is now more 
complete because of the vast research in solid-state physical phenomena that 
commenced in the late 1940’s. 

The elements germanium and silicon constitute the semiconductors of para- 
mount importance today. Investigations of other materials are under way 
and it seems reasonable to speculate that new materials, possibly bimetallic 
compounds such as gallium-arsenide, indium-phosphide, or aluminum-an- 
timonide, will play a major role in electronics of the not-too-distant future. 

At this point in the study of transistors it seems appropriate that some 
attention be given to the principles of semiconductor physics, the applications 
of those principles, and the methods of transistor manufacture. Although it 
is theoretically unnecessary for a circuit designer to be aware of the physical 
processes involved, such knowledge is of very great assistance in appreciating 
transistor limitations, fully understanding circuit operation, and keeping 
abreast with developments in the field. 

2-1. Structure. The fourth column of the periodic table includes silicon 
and germanium—they have four electrons in their outermost orbit or shell, 
and tend to form a crystal when in the pure elemental state. A crystal is a 
solid in which atoms are arranged in a definite order or pattern that is regu- 
larly repeated throughout the solid. Crystals may consist of different geo- 
metrical arrangements of atoms; the three-dimensional pattern repeated 
throughout the crystals of interest here is known as the face-centered diamond 
cubic lattice, a structure identical with that of the diamond form of carbon. 

The distribution of the four valence electrons in the germanium or silicon 
atom is such that one electron is shared with each of the four neighboring 
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atoms in the crystal. This condition, known as covalent bonding, results in a 
filled outer shell for each atom, for in addition to its own four electrons, each 
atom is sharing four other electrons with its neighbors, as in Fig. 2-1. When 
its outer ring contains eight electrons, the atom is “satisfied” or stable and 
no free electrons exist in the ideal structure at 0° K. This must mean that 
the crystal has insulating properties, since it is the presence of free electrons 
that is characteristic of conducting materials. 





Fig. 2-1. Portion of the crystal structure of perfect germanium. 


Pure germanium (or silicon) is referred to as an intrinsic semiconductor. 
Electrical conduction is possible because some covalent bonds are broken by 
thermal energy even at room temperature. An electric field or a light beam 
can also supply enough energy to break covalent bonds and liberate electrons 
to serve as charge carriers. 

It is of course possible to measure and also calculate the number of broken 
bonds due to the addition of energy to an intrinsic semiconductor. At 300° K, 
which is about normal room temperature, the resistivity of pure germanium 
is about 50 ohm-cm, with more than 10’? charge carriers per cubic centimeter 
of material. The resistivity of silicon at that same temperature is approxi- 
mately 240,000 ohm-cm, with some 10'° carriers per cubic centimeter.’ 

2-2. Impurities. A perfect crystal is not used for diode or transistor manu- 
facture; the characteristics of such devices depend upon impurities within the 
crystal to alter its intrinsic conducting properties. An extrinsic semiconduc- 
tor results from imperfections in the lattice structure, chemical imperfection 
due to foreign materials remaining after the refining process, or the controlled 
addition of known impurities, a process called doping. Impurities that are 
purposely added to elements in the fourth column of the periodic table (ger- 
manium and silicon) are elements from the third and fifth columns. Table 
2-1 provides the portion of the periodic table that includes the elements of 
major importance to semiconductor work, 
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"ABLE 2-1. PORTION OF THE PERIODIC TABLE INCLUDING ELEMENTS OF INTEREST TO 
SEMICONDUCTOR WORK 























Group 3 Group 4 Group 5 
5 6 7 
Boron Carbon Nitrogen 
10.8 12 14 
13 14 15 
Aluminum Silicon Phosphorus 
27 28.1 31 
31 32 33 
Gallium Germanium Arsenic 
69.7 72.6 75 
49 50 51 
Indium Tin Antimony 
114.8 118.7 121.8 








When a small number of arsenic atoms, for example, are added to a crystal 
of germanium, the lattice remains intact; that is, covalent bonding exists 
yetween all adjacent atoms. But since each arsenic atom has five electrons 
n its outermost orbit, it is apparent that an electron is left over from each 
atom of the impurity; one electron does not enter into the covalent bonding. 
This electron can be termed a free electron because it is easily detached from 
the arsenic atom. Fig. 2-2 depicts the situation. As would be expected, the 
resistivity of the crystal is decreased because of the presence of free electrons. 
Donor is the term most often applied to elements that, when added to pure 
zermanium, serve to donate free electrons to the lattice. The composite 
material thus formed is n-type germanium, the n being an abbreviation for 
negative, the sign of charge on the electron. In n-type material electrical 
sonduction is primarily an electron movement. 

The addition of an impurity with three electrons in its outer orbit has an 
apposite effect upon the lattice. As shown in Fig. 2-3 there now are too few 
slectrons to satisfy all the covalent bonds. Between each atom of the im- 
ourity and the surrounding atoms there will be a void of one electron; this 
absence of an electron is called a hole. Acceptor is used to specify elements 
which when added to an intrinsic semiconductor can result in holes in the 
lattice; acceptor meaning that the element will accept an electron, if one is 
available, to fill its commitments in the lattice. p-type material, then, has an 
excess of holes; p is an abbreviation for positive, the sign of a hole (since the 
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charge on an electron is negative, the absence of an electron would seemingly 
be equivalent to a positively charged particle). In p-type materials electrical 
conduction is primarily a hole movement. The resistivity of pure germanium 





Nig. 2-2. The addition of a donor to Fig. 2-3. The addition of an acceptor to the 
the germanium crystal of Fig. 2-1 re- germanium crystal of Fig. 2-1 results in a 
sults in a free electron. hole. 


is decreased by the addition of acceptor impurities; thus the hole serves as an 
electrical carrier and is comparable in effectiveness to the free electron. 

The movement of a free electron is random in a specimen of n-type mate- 
rial; the electron is free to wander. So it is with a hole in p-material, for 
electrons in neighboring bonds find it easy to fill the void, and the hole ap- 
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\'lw, 2-4. The movement of electrons to fill holes in the lattice results in hole move- 
ment. 


pears to move randomly through the material. When under the influence of 
an electric field, holes naturally behave oppositely to electrons—they are 
iliracted to negative charges. 

The diffusion or movement of holes from regions of high concentration to 
regions of low concentration without an applied field is illustrated in Fig. 2-4. 


24 TRANSISTOR CIRCUIT ANALYSIS AND DESIGN 


If a hole is initially located in the outer orbit of the acceptor atom, as at X in 
the diagram, it is possible for an electron at A to move from its position to 
fill the hole, since it is in the same orbit and no additional energy is required. 
After this movement, there is a hole at A. The electron at B can fill the new 
hole at A, so that the void is then located at B. In a like manner we may 
conceive of the hole reaching location G and beyond. We may conclude that 
hole movement is possible, that it is in the opposite direction to electron flow, 
and, significantly, it takes place within the valence shells of atoms. It is 
interesting to note that the rate of this random movement of holes is about 
one-half that for electrons. 

In securing a clear picture of semiconductor phenomena, it must be under- 
stood that the impurities are immobile; it is the free electrons and holes that 
are the carriers, for their movement dictates the movement of charge and 
hence what are called electrical currents. Electrons in n-type material and 
holes in p-type material are majority carriers, while any electrons in p-type 
material or any holes in n-type material are termed minority carriers. The 
net charge of a specimen of p-type or n-type material is normally zero, for 
neither electrons nor holes have been added to or removed from the atoms 
that constitute the crystal, and the atoms themselves are electrically neutral. 
The lattice may have an excess of electrons or holes because of the type of 
impurity added, but this excess is only relative to a perfect lattice structure. 

2-3. Energy-Level Diagrams. Modern atomic theory stresses that for an 
atom of any element there is an integral number of orbits or levels to which 
electrons can belong, and each level represents a particular value of energy 
ascribed to the electrons ‘residing’? there. To move an electron from one 
level to a higher energy level, the system must be furnished with an amount 
of energy equal to the energy difference between levels; this can be supplied 
from any convenient energy source. Electrons closest to the nucleus are in 
the lowest energy levels; those farthest from the nucleus have the highest 
energies. The higher the energy of a given electron, the less is its attraction 
to its nucleus. 

Thus far in this discussion only a single atom has been considered. When a 
tremendously large number of atoms are congregated to form a solid, the 
energy-level picture of the individual atom is no longer valid, because of 
interactions between it and its neighboring atoms. The number of energy 
levels for a solid is very great, but they are generally very close. A number 
of close levels is termed an energy band; and each band, in a solid, is separated 
from other bands by a forbidden gap, a series of energies that electrons in that 
solid cannot possess. Not all solids have gaps in their energy band picture, 
but semiconductors do. 

From an energy-level standpoint the differences between insulators, con- 
ductors, and semiconductors can be appreciated. The width of the forbidden 
gap between the valence band of allowable energy levels and the conduction 
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band of allowable energy levels is a key to that understanding. If a great 
deal of energy (in the form of heat or otherwise) must be added to a material 
to increase its conductivity to a reasonable value, then the forbidden gap of 
that material must be large, and consequently the material under normal 
conditions is an insulator. On the other hand if a negligible amount of added 
energy is needed to establish good electrical conductivity, a given specimen is 
classified as a conductor. A gap of intermediate width connotes a semicon- 
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lig. 2-5. Representation of solids by energy-level diagrams: (a) insulator; (b) semi- 
conductor; (c) conductor. 


ductor. A pictorial representation of energy levels for different materials is 
lig. 2-5. It must be borne in mind that whereas other gaps exist in a given 
atomic structure, it is the forbidden gap between the valence band (also called 
(he filled band) and the conduction band (also referred to as the empty band) 
that is the important one. 

In germanium or silicon, the gap is small enough so that, at room tempera- 
(ure, an appreciable number of interatomic bonds are broken by thermal 
energy, and a number of electrons will acquire sufficient energy to move from 
the valence band to the conduction band of the crystal. The forbidden gap 
for germanium is 0.72 electron volt, while for silicon a generally recognized 
figure is 1.1 electron volts. (The electron volt, eV, a unit of energy, is equiva- 
lent to 1.6 X 10719 watt-sec.) 

Let us consider the other elements of column four of the periodic table 
(‘able 2-1). Carbon, in the diamond form, has a gap of 7 eV, and is therefore 
nonconductive up to very high temperatures. The crystalline form of tin, 
walled gray tin, has a gap of only 0.1 eV and consequently is a stable crystal 
at very low temperatures only. Neither material may be used for transistor 
manufacture, 

‘he presence of electrons with conduction band energies because of broken 
interatomic bonds results in holes in the valence band. A pentavalent impurity, 
(hat is a donor, when added to germanium, will add electrons to the crystal 
without adding any new holes. However, it is interesting to note that the 
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energy-level system is further complicated by this donor; this impurity intro- 
duces new energy levels into the energy-band picture. The location of these 
new levels is slightly below the bottom of the conduction band for pure ger- 
manium (the gap was forbidden to electrons of the pure crystal only). The 
total width of the gap was previously stated as 0.72 eV; the energy required 
to move an electron from a donor impurity into the conduction band is of the 
order of 0.01 eV, and since at normal ambient temperature thermal energy is 
considered to be about 0.02 eV, it is concluded that almost all electrons are 
detached from donor atoms and have conduction band energies. 

The introduction of a trivalent impurity can also be investigated. As before, 
the presence of the impurity creates new energy levels. For acceptors, how- 
ever, these levels are in the gap in the neighborhood of the top of the valence 
band of energies. Ambient temperature results in ionization of most acceptor 
atoms and thus an apparent movement of holes from the acceptor levels to 
the valence band. (Energy-level diagrams are plots of electron energies; 
energies for holes are highest near the valence band and decrease vertically 
upward.) Alternatively, one might say that electrons are accepted by the 
acceptors; these electrons are supplied from the valence band, leaving a pre- 
ponderance of holes in the valence band. 

Summarizing, then, under ambient conditions n-type material has a surplus 
of electrons, and electrical conduction is primarily a conduction-band electron 
drift; in a p-type material there is a hole surplus and electrical conduction is 
primarily a valence-band hole drift. 

2-4, p-n Junctions. A p-n junction is created when p-type and n-type 
material are bonded to form a single crystal. The methods of junction 
manufacture are discussed in Sec. 2-6 and in other texts. Immediately after 
formation, carrier diffusion results in some electrons from the n-region crossing 
the boundary while some holes from the p-region are migrating to the other 
side. After crossing the junction, an electron from the n-region finds itself 
in an area of high hole concentration. Recombination is probable and the 
electron as a carrier is therefore annihilated. A similar process can be visual- 
ized for holes from the p-region crossing the junction. Since each region was 
originally electrically neutral, electron-hole recombinations on both sides and 
in the vicinity of the junction result in layers of ionized acceptors in the 
p-region and ionized donors in the n-region. Therefore the p-region has 
experienced a net accumulation of negative charge, the -region a net accumu- 
lation of positive charge. This charge buildup continues until an equilibrium 
condition prevails and further carrier diffusion across the junction is dis- 
couraged by the repelling force between the carrier and the charge concentra- 
tion across the boundary. The p-n junction in equilibrium is symbolized in 
Fig. 2-6a. 


Because of the accumulated charges in the vicinity of the p-n junction, a’ 


potential difference is evident. Figs. 2-6b and 2-6c are concerned with the 
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distribution of charge and the potential picture. During the equilibrium 
process carriers in the neighborhood of the junction have been “‘swept out,” 
and the area is referred to as the depletion or transition or space-charge region. 

An energy-level diagram for the p-n junction is shown in Fig. 2-7. Because 
the p-region has lost some high-energy holes and gained some high-energy 
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ig. 2-6. The p-n junction: (a) after diffusion and recombinations; (b) charge distribu- 
tion; (c) potential hill. 


wlectrons, and therefore is no longer electrically neutral, its electron energy 
diagram will be relatively displaced above that of the n-region by an amount 
of energy equal to eV, where e is the charge on the electron and V, is the 
vlectrostatic potential difference across the junction. 

In order for an electron to move from the n-region to the p-region it would 
be necessary for it to have sufficient energy to climb the potential hill (the 
electron would have to invade the p-region which has more of a negative 
charge than the n-region). Likewise, when we consider holes in the -region, 
they would need to be supplied with external energy in order to climb the 
potential hill confronting them, Thermal agitation accounts for some carrier 
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flow across the junction at ambient temperatures but any net movement of 
majority carriers is balanced by minority carriers. Minority carriers, although 
relatively few in number, find it easy to slide down the potential hills. 

If a reverse bias is applied to the 
p-n junction as shown in Fig. 2-8a, 
the potential hill for electrons in the 
n-region becomes more difficult to 
climb. The only current possible re- 
sults from the few minority carriers 
on each side of the junction. This 
leakage or reverse current is con- 
trolled by the constitution of the p 
and n materials; if highly n-type ma- 
terial is joined to lightly p-type ma- 
terial, reverse current will be mainly 
an electron flow. On the other hand, 
a reverse current consisting primarily 
of holes can be achieved by an opposite process. 

Leakage current is generally constant and almost independent of the mag- 
nitude of the reverse biasing voltage until the avalanche voltage or Zener 
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Fig. 2-8. p-n junction with applied voltage: (a) reverse bias; (b) forward bias. 


voltage is exceeded. Reverse current then increases very rapidly. Avalanche 
breakdown occurs when the electric field across the junction produces ioniza- 
tion because resulting high-energy carriers collide with valence electrons. 
Zener breakdown appears to be a “field emission’? phenomena, the strong 
electric field in the junction region pulling carriers from their atoms. 





SEMICONDUCTOR PHYSICS 29 


With forward bias applied to a p-n structure the movement of majority 
carriers across the junction is increased. Fig. 2-8b indicates that the height 
of the potential hill has been reduced 
so that less energy must be expended 
in climbing it. Although the re- 
verse current still exists, it is negli- ~ 
gible compared with the current as- 
sociated with the movements of the 
majority carriers. 

The volt-ampere characteristic of 
the junction diode, shown in Fig. 2-9, Fig. 2-9. Characteristic curve for a p-n 
can be described theoretically by the junction (diode). 
following relationship: 





I = Ip(e¥'*" — 1) (2-1) 


where J = junction current in amperes, 
Ir = saturated value of reverse current in amperes, 
e = charge on an electron, 1.602 X 10~1° coulomb, 
V = potential difference in volts, 
T = absolute temperature in degrees Kelvin, 
k = Boltzmann’s constant, 1.380 X 10~° joule per °K. 


‘his equation holds for both polarities of voltage, and agrees with experimental 
data. 

The effect of ambient temperature upon diode leakage or reverse current 
is important. Higher temperatures cause more electron-hole pairs to be ther- 
mally generated, the resulting additional carriers cause larger diode leakage 
currents. In Chapter 1, Ico and Igo were introduced as leakage currents of 
pen structures within the transistor. These currents are extremely tempera- 
(ure-sensitive; the degree of that sensitivity will be further discussed in Chap- 
tor 3. 

In summary of the operation of a p-n junction diode, the following points 
are of interest. Joining p-type material to n-type material establishes a 
contact-potential hill which consequently limits random movement of ma- 
jority carriers across the junction. Minority carriers, generated by thermal 
energy or otherwise, can easily cross a reverse-biased junction, their flow 
being essentially independent of the magnitude of the bias, unless breakdown 
vonditions are exceeded. With forward biasing, the height of the potential 
hill is reduced and majority carriers cross the junction in great number. 

2-5, Transistor Operation. With understanding of p-n junction operation 
comes insight into transistor operation, for the common junction transistor 
in merely two rectifying junctions. The basic structure can take on either of 
the forms shown in Fig. 1-1, a p-n-p sandwich, or an n-p-n sandwich. The 
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emitter and collector regions form the two outside portions of the structure; 
between them is the thin base region. External circuitry is connected by 
relatively large metal contacts to each of the elements to insure nonrectifying 
terminations. It was noted in Chapter 1 that under normal biasing conditions, 
the emitter-base junction is biased in the forward or high-conduction direc- 
tion, while the collector-base junction is biased in the reverse direction. 

Now consider Fig. 2-10a, which shows a p-n-p transistor and its energy- 
level diagram in the absence of biasing. The potential hills are apparent in 
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Fig. 2-10. The junction transistor with energy-level diagrams: (a) no bias voltages; 
(b) normal bias voltages. 


the electron-energy diagram, and, as would be expected, there is no net flow 
of charges. The emitter junction can now be forward-biased, the collector 
junction reverse-biased with a negative potential through a load resistor for 
normal operation. 

Majority carriers, namely holes in the emitter p-region, will move toward 
the base region because forward biasing has been applied to the emitter-base 
junction. When they arrive in the base area they see a large potential hill 
to slide down, the hill created by the collector-base voltage, and thus carriers 
from the emitter will readily travel to the collector. This is transistor am- 
plification as discussed in Chapter 1, namely the passage of current from a 
low-resistance to a high-resistance circuit. When a time-varying signal is ap- 
plied between base and emitter terminals, that signal just serves to modulate 
the emitter-base potential, or, in other words, it alters the potential hill be- 
tween emitter and base to allow a greater or lesser number of emitted charges 
to reach the collector. 

The number of holes reaching the collector from the emitter in the p-n-p 
transistor is less than the number injected by the emitter because of recom- 
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binations of electrons and holes in the base region. The number of recombina- 
tions must be kept low in order for the amplification efficiency to be high. 
Consequently the base region is made exceedingly thin, and the impurity 
density of the base wafer is controlled during manufacture; these measures 
reduce the time spent by holes while diffusing through the base region and 
limit the number of electrons with which recombination can take place. The 
value of alpha, the fraction of emitted charges which are collected, depends 
directly upon such recombinations. 

High-frequency performance also depends upon base thickness. Since an 
absence of strong electric fields is to be expected in that region, diffusion of 
carriers across the base is a relatively slow process and the distance traveled 
by a charge is an important factor in the ability of a transistor to follow 
high-frequency commands. 

The junction regions are essentially devoid of carriers, and therefore are 
regions of high resistivity; almost the entire bias voltage drop occurs there 
resulting in strong electric fields in the junction regions and weak fields in the 
remainder of the transistor. 

Because a higher reverse bias causes more majority carriers to leave the 
vicinity of a junction, thus leaving behind more immobile ions, the thickness 
of the space-charge region widens with increasing reverse bias. This is a 
capacitive effect for C = dq/dv, and the phenomenon is referred to as transi- 
tion, depletion, barrier, or space-charge capacitance. 

The temperature limitation on transistor operation is clear when one con- 
siders that the normal concentrations of free carriers attributable to impurities 
ure supplemented by thermally generated hole-electron pairs. At sufficiently 
high temperatures these thermally derived carriers can be in such great num- 
bers as to numerically ‘overpower’ the impurity-derived carriers and tran- 
sistor action is therefore impossible. 

Other currents exist in the sample p-n-p transistor. Ico, the collector-to- 
base current with the emitter unconnected, is composed of minority carriers 
from the collector (electrons) moving toward the base. Electrons flowing 
from base to emitter constitute another carrier flow; this however is pur- 
posely kept as low as possible, compared with the hole flow from the emitter, 
by control of base electron concentration. 

Now if the conventional current leaving the base terminal is symbolized 
by I» (actually an electron movement toward the base), and the holes from 
(he emitter that are collected is termed Ic, then we have the relationship that 


Ic = In — Ip. (2-2) 


Naturally electron flow is the negative of hole flow. 

Iq. (2-1) which indicates a nonlinear relationship between voltage and 
current, applies to the transistor, for, as we have seen, the transistor uses 
junction diodes for its building blocks, Nonlinearities in the volt-ampere 
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curves have resulted in the popular statement that the transistor is a current- 
amplifying device, for although voltage, current, and power gain can be 
achieved, the device tends to amplify input current linearly. Therefore most 
transistor characteristics are plotted using currents; one who is versed in 
vacuum-tube amplification may find this approach quite different, but the 
results analogous. 

2-6. Transistor Fabrication. The quality level of commercial transistors 
is presently high, largely because 
of improvements in manufacturing 
techniques. Several different methods 
of fabrication are of importance, and 
Emitter Collector it is reasonable to assume that new 
methods will develop from the trend 
toward complete automatization of 
transistor manufacture. 

The method of manufacture is sel- 
dom a basis for selection of a partic- 
ular transistor for a given circuit 
application. Although the manu- 
Fig. 2-11. Alloy-junction — transistor facturing method does account for 

construction. important operational differences, it 
is a study of characteristics and not 
of fabrication that eventually determines the transistors to be used. 

Most widely used is the alloy- or fused-junction transistor. A wafer of base 
material (generally n-type germanium) is held in a jig between two pellets of 
impurity (indium, for example). The structure is heated until the impurity 
melts (155° C for indium), and the molten impurity penetrates the base ma- 
terial, dissolving some of it. During cooling crystal regrowth results in a 
completed three-layer structure as shown in Fig. 2-11. By control of tem- 
perature, time, and pellet size it is possible to achieve various operating 
characteristics, but since rather high junction capacitance results from the 
process, the alloy-junction transistor generally does not perform well at the 
higher frequencies. 

In the diffusion process, impurities of one conductivity type are made to 
diffuse at high temperature into the surface of a bar of opposite type, resulting 
in a p-n junction between the skin and the original bar. This technique forms 
the basis for the drift and mesa types to be discussed in Sect. 2-8. 

The growing of junctions is accomplished by starting with a small seed of 
material cut from a previous operation. The seed is touched to the surface 
of a bath or melt of molten semiconductor and is slowly pulled from the melt. 
The size of the original seed grows because melt in the vicinity of the seed 
adheres to it and freezes during withdrawal. The characteristics of the melt 
can be changed during the pulling operation by adding impurities. The 
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completed crystal is cut into diodes or transistors and leads are welded to the 
proper areas. In appearance, a grown-junction transistor resembles Fig. 1-1 
and its dimensions are typically 0.01 X 0.01 X 0.1 inch. 

Also widely accepted is the rate-grown device, a transistor whose structure 
depends upon variations in growth rate. It is possible to dope a melt with 
both donors and acceptors, and grow single crystals from it. The crystal 
will be n-type if grown at a high rate and p-type if grown at a low rate because 
impurities differ in their solubility characteristics. By proper control of the 
growth rate, it is possible to produce alternate p and n regions in a single 
crystal. 

Improved techniques such as those used for the manufacture of the surface 
barrier type have extended the operating frequency range of transistors. A 
very thin base wafer (0.0002 inch) with small electroplated contacts forming 
rectifying junctions has resulted in a transistor operable to frequencies in 
excess of 100 megacycles. This construction and operation are achieved by 
manufacturing process that subjects a small piece of germanium to two 
jets of electrolyte, such as a solution of indium-chloride, which impinge upon 
opposite faces of the germanium base slab. Etching of the semiconductor is 
accomplished by passage of current through the electrolyte streams and the 
germanium. When the proper base thickness is achieved, current polarities 
are reversed and the jets plate metal emitter and collector contacts on either 
side of the base. The thin base region has the disadvantage of limiting 
power-handling capabilities. 

2-7. Other Transistor Types. Let us briefly consider the p-n-p-n triode 
and the unipolar transistor, for these devices serve to illustrate what can be 
accomplished when applying the foregoing physical principles to the design 
of semiconductor devices that differ from the basic triode. Although as yet 
neither has gained widespread use, each has greatly contributed to the reserve 
of semiconductor knowledge. 

The p-n-p-n triode is, as the name implies, a four-layer structure and is 
commonly referred to as the hook collector. This addition of an n-type layer 
(o the collector end of a p-n-p junction transistor can result in a device that 
exhibits high current gain in the common-base configuration; therefore a > 1 
for this transistor, and interesting characteristics result. An n-p-n-p device 
in also possible.® 

Consider the device as shown in Fig. 2-12. Three p-n junctions exist; the 
second p-region is left floating in potential. This second p-region and the 
{inal n-region are referred to as the “hook collector’ because of the hook 
noticeable in the energy-level diagram. 

Holes injected by the emitter collect in the floating p-region, where they 
are trapped—unable to reach the collector because of the polarity of the col- 
lovtor-to-base bias. The floating p-region, because of the accumulation of 
trapped holes, will attain a positive potential, and the energy-level diagram 
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will become altered because of increased hole potential energy in that region. 
Equilibrium occurs when one hole enters the floating p-region for every one 


that leaves. 


Electron Energy 





Fig. 2-12. p-n-p-n transistor and energy-level diagram. 


The alteration of energy levels also affects electrons in the n-type collector, 
for they now find it easy to travel to the base. The sum of hole and electron 
currents is the total collector current. The essential action is the control of 
electron movement in the collector-base circuit by holes from the input 
(emitter) portion of the device. Frequency response for the hook collector is 


considered poor, and noise level and leakage currents are high. 
The unipolar transistor, also called 


Sad the field-effect transistor, is illustrated 

eave in Fig. 2-13. A bar of n-type material 
is encircled by a p-type alloy belt. 
The resistance of the bar can be mod- 
ulated by signals on the “gate.” 
These signals essentially ‘‘sweep out”’ 
the area under the belt of carriers, 
thus “‘pinching off” the n-type bar to 
the desired degree. Certain advan- 
tages are claimed: input impedance is 
high, of the order of a megohm, and the frequency response is better than 
that of a junction triode." 

2-8. Operation at High Frequencies. The performance of junction tran- 
sistors at high frequencies is seriously limited by several factors: collector-to- 
base capacitance loads the output and contributes to poor performance; base- 
spreading resistance, the ohmic resistance of the relatively long and narrow 
base path, also sets a limit upon the available gain of a transistor stage (see 
Chapter 9); deterioration of alpha at high frequencies, caused by the relative 
slowness of the diffusion process in the base region, prevents the collection 
process from following the emitter process well at high frequencies. In order 
to circumvent or minimize these limitations, the common junction triode has 
been subjected to many redesigns. Some of the modifications have proved 
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Fig. 2-13. Unipolar transistor. 
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highly successful and have resulted in satisfactory operation to frequencies in 
the hundreds of megacycles. 

The surface barrier transistor previously discussed has been widely accepted. 
The mesa transistor, a microminiature device produced by vapor diffusion 
of a gas containing antimony into solid 
germanium to form the collector-base ar ted 
junction, is operable to 200 me. The 
drift transistor uses a base region 
graded in conductivity, highly con- 
ductive near the emitter, and nearly 
pure germanium at the collector junc- 
tion. Because an internal electric 
field is caused by the conductivity gradient, carriers will drift across the 
base region with high velocity instead of relying upon diffusion. 

To reduce collector-to-base capacitance the p-n-i-p transistor,> shown in 
I'ig. 2-14, has been proposed. An intrinsic or 7-layer is located between the 
collector and base regions; this layer floats in potential. The 7-layer serves 
to increase the width of the depletion region and consequently reduces junc- 
tion capacitance, which is inversely proportional to the region’s width. Other- 
Wise, operation is similar to the junction triode. 
sie If two connections are made to 

BB Fi 5 . 
opposite sides of the base region of 
an ordinary junction transistor, and 
a biasing potential is applied between 
the two terminals, certain operational 
advantages are obtained. The struc- 
ture is referred to as a junction tetrode 
“Ecco or double-base transistor, and is shown 

in Fig. 2-15. The interbase bias volt- 

age is large enough so that only a 

‘portion of the emitter junction is 
operating as an emitter; the remainder of the emitter is cut-off. Effective 
hase resistance is thereby reduced because all transistor action occurs adja- 
went to one base contact; reduction: in base resistance directly extends 
(he maximum allowable operating frequency of junction transistors. 

A semiconductor device that shows promise of extending amplifying opera- 
lion to frequencies in the thousands of megacycles is the spacistor tetrode, 
shown diagrammatically in Fig. 2-16. High electric fields in the space-charge 
region are used to accelerate charge carriers—resulting transit time is much 
shorter than comparable carrier diffusion across the base of a transistor.!%17 

The emitting point is biased positively; the modulating point is biased to 
draw a negligible current because it is made negative with respect to the 
normal potential of the space-charge region to which it is attached (the modu- 





Fig. 2-14. p-n-i-p transistor. 
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Fig. 2-15. Junction tetrode. 
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lating point and space-charge region form a reverse-biased diode). Thus 
practically no current will flow in the input circuit and an input impedance 
as high as 30 megohms can be achieved. 

The modulating point is more positive than the emitting point, but none 
of the electrons in the emitting point—n-region—load path will be collected 
by the modulating point, for the reason stated in the preceding paragraph. 
The flow of carriers around that path is, however, dictated by the a-c signal 
input superimposed on the d-c level of the modulating point, because the 
field, due to the modulating point, penetrates throughout the space-charge 
region and can control emission from the emitting contact. The reverse bias 
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Fig. 2-16. Spacistor tetrode. 


of Ecc on the p-n junction does not control current flow through the load—a 
reason why the output impedance may be many megohms. 

The spacistor tetrode is capable of power amplifications of 9 X 10° or 70 
db, and under matched conditions a voltage gain of 3000 has been achieved. 
Interelemental capacitances are very small. 

2-9. Metallic Contact Devices. It has long been known that rectification 
or diode action can result from a metal-semiconductor contact. It is also 
possible to achieve an ohmic or nonrectifying contact between these materials, 
and all the devices discussed thus far employ such contacts. 

Whether a particular contact is or is not rectifying depends upon the 
particular metal and semiconductor used. To formulate a general rule to be 
followed in determining the behavior of a contact, the work function of a 
material may be used as the test characteristic. The work function of a 
material may be defined as the amount of energy that must be added to an 
electron to cause it to be emitted from the surface of the material, or to per- 
mit it to escape completely from the domination of its parent. If we desig- 
nate the work function of the metal as ,, and of the semiconductor as ®,, a 
contact will be ohmic if ,, < ®, and rectify if Pp > Ps.” An ohmic condition 
can also result if the metal and the semiconductor can alloy, for it is then 
possible to achieve a gradual transition between materials. There are excep- 
tions to these rules. 

Commercial rectifiers using metal-to-semiconductor contact for their opera- 
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tion include the selenium and copper-oxide rectifiers and point-contact (crys- 
tal) diodes. The selenium rectifier uses the junction between selenium and 
cadmium, lead, or tin. The same metals are often used in contact with cuprous 
oxide in the copper-oxide rectifier. A point-contact diode is made from a 
small slab of semiconducting material, germanium for example, and a fine 
wire (whisker) that is sharpened to a point at one end. When a suitable spot 
for rectification is found on the surface of the slab, the unit is pulsed with a 
current to weld the wire to the slab. Naturally the power-handling capacity 
of such a device is limited by the wire size. 

Historically, the first transistors were of the point-contact type. Today 
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Fig. 2-17. Point-contact transistor. 


point-contact transistors are not generally accepted for amplifying applica- 
tions because of the many advantages of the junction transistor. Their use- 
fulness seems to lie in switching circuits; they can exhibit an alpha in excess 
of unity, but are noisy and difficult to manufacture. 

‘The collector of the point-contact transistor shown in Fig. 2-17 is often a 
phosphor bronze wire. n- and p-regions are introduced into the germanium 
lune by forming, the passage of large current pulses through the contact in 
(he back direction. The emitter-base diode also makes use of point-contact 
rectification. Operation of the composite structure may be explained by the 
hook-collector theory. 

2-10. Switching Devices. Semiconductor devices that exhibit two stable 
operating states separated by a region of negative resistance are very useful 
vireuit elements. 

Only one p-n junction exists in the unijunction transistor or double-base 
(liode, although it has three terminals, an emitter, and connections at each end 
of « long base bar, as is shown in Fig. 2-18. Application of a bias voltage to 
(he base, in the absence of emitter signal or potential, results in a uniform 
voltage gradient along the base bar. At the emitter terminal the potential 
will be somewhat in excess of one-half Hgz, because of the physical position 
of the junction—it is closer to base number two. 

Should Zep now be applied and be of a magnitude greater than the potential 
previously existing at the emitter-base junction, holes are injected into the 
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bar from the emitter. The potential distribution in the bar because of these 
injected carriers will be altered and the resistivity of the bar decreased. The 
OK as voltage drop from emitter to base 
number one therefore decreases and 
emitter current increases regenera- 
tively. The device may be returned 
to the OFF condition by applying a 
negative trigger pulse to the emitter. 
A sort of regenerative feedback re- 
Base 1 sulting in a negative input resistance 
is achieved—a desirable condition 
for oscillation. 

Unijunction transistors have been 
found useful as pulse amplifiers, 
multivibrators, and relaxation oscillators. 

The four-layer diode is a two-terminal device that can operate in either of 
two states—an open or low-conductance state corresponding to a resistance 
of several megohms, and a closed or high-conductance state with a resistance 
of less than 20 ohms." To switch from the open to the closed state, a voltage 
is applied to exceed the breakdown potential, and if sufficient holding current 
is available to keep it in the closed state the diode will exhibit only a small 
drop across its terminals. This p-n~p-n structure can be used as a sawtooth 
or a sine-wave generator, and in other circuits where bistable properties are 
advantageous. 

Thyratron action, the control of high load power by a trigger pulse, is 
provided by the silicon controlled rectifier and the thyristor. The structure of 
the controlled rectifier is n-p-n-p, the cathode is n-type material, the anode is 
p-type, the gate is the internal p-region, and the internal n-region floats. 
The controlled rectifier will block current flow in either circuit direction until 
a gate signal of the correct magnitude causes breakdown and consequent large 
current flow, limited only by the load resistance. The gate loses control after 
breakdown and the device can be turned OFF only by removing the anode 
potential. 

The thyristor is a three-terminal device exhibiting thyratron-like character- 
istics but may be turned ON and OFF by appropriate pulses to the base or 
gate terminal. A single pulse will turn the load circuit ON, allowing a high 
current to flow until an input pulse of the opposite polarity is applied." 

An additional mechanism of charge flow known as tunneling is possible in a 
semiconductor diode when the impurity concentrations are extremely high. 
A device that uses this phenomenon is the ‘‘Esaki” or tunnel diode. Carriers 
can tunnel through the junction barrier from the p-region valence band to the 
n-region conduction band and vice versa because there is a small but non-zero 
probability that this may be done according to the theories of quantum me- 
chanics. 






Base 2 


Emitter 


Fig. 2-18. Unijunction transistor. 
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The volt-ampere characteristic of such a diode in the forward quadrant 
clearly exhibits a region of negative resistance. A negative resistance is useful 
for oscillation and also amplification. (Refer to Chapter 10 and Problem 
8-23.) 

2-11. Allied Semiconductor Devices. A family of active and passive cir- 
cuit elements is available to the circuit designer, and it is indeed likely that 
the size of this family will grow to great proportions. Let us briefly examine 
the silicon capacitor, Zener diode, thermistor, varistor, and photodiode. 

At a p-n junction the depletion or transition region widens with reverse 
potential and this in effect moves the two conduction areas apart and de- 
creases the junction capacitance just as if the junction were two metal plates 
separated by a dielectric with a variable thickness. A silicon device that uses 
this phenomenon is called the silicon capacitor. A typical variation is 120 to 
22 uuf for potentials from 0.1 to 25 volts. 

The reverse breakdown characteristic of a junction diode makes it useful 
as a voltage reference element in electronic circuits. In the Zener region a 
very slight change in applied voltage will cause a large change in the reverse 
conductivity of the diode, so the diode will tend to maintain a fairly constant 
potential across its terminals while its current may vary by a considerable 
amount. Zener diodes available in many ratings have proved to be extremely 
useful circuit elements. 

The thermistor is a thermally sensitive resistance, the temperature coeffi- 
cient of which is large and negative. For many years thermistors, basically 
semiconductors, have been used to temperature-compensate circuits. As an 
oxample of sensitivity to ambient temperature, it is possible for a 10,000-ohm 
unit at 0° C to be 200 ohms at 100° C and 10 ohms at 300° C. 

A resistor that exhibits a nonlinear relationship between the voltage applied 
to it and the current that it passes is called a varistor. The forward V-I 
curve of a diode presents such a nonlinear characteristic. Commerical varis- 
(ors are available in high and low voltage and current ranges. 

Just as semiconductors are sensitive to heat energy so are they also light- 
nonsitive. A photodiode consists of a single p-n junction. Light energy will 
create electron-hole pairs and if such a diode is biased in the reverse direction, 
its conductivity will be altered by the incidence of light. The junction photo- 
transistor is a three-layer structure, n-p-n for example, with only the two outer 
(orminals brought to external terminations. Point-contact photosensitive 
devices are also available. 


PROBLEMS 


2-1. Does Eq. (2-1) predict reverse breakdown? Explain your answer. 

Q-2. Sketch the forward characteristic of a diode with a reverse saturation 
current of 10 pa for voltages to one volt. Calculate at least three points on 
the forward curve. Consider the temperature to be 300° K. 

2-8, Sketch a curve, similar to Fig. 2-9, that compares silicon and ger- 
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manium diodes. How does the width of the forbidden gap affect diode char- 
acteristics? 

2-4. Evaluate the exponent in Eq. (2-1) at normal ambient temperature 
(293° K). 

9-5. If the reverse current of a diode is made up of two components, the 
flow of minority carriers and a current due to surface leakage, explain how 
to determine Iz for use in Eq. (2-1). 

2-6. The term mobility is used to designate the ease of carrier drift in a 
solid. Mobility is the ratio of drift velocity to electric field intensity: 


Va em/sec 


aay volt/cm 
Prove that the conductivity of a specimen can be expressed as ney, n repre- 
senting the density of free electrons that are assumed to be the only carriers. 

2-7. In intrinsic germanium, hole mobility (up) is 1800 em?/volt-sec and 
electron mobility (un) is 3800 cm?/volt-sec. If the measured conductivity of 
a specimen is 0.01 (ohm-cm)~', calculate the density of electron-hole pairs. 
(See Problem 2-6.) 

2-8. Calculate the resistivity of a silicon specimen doped with 10° donors 
per cubic centimeter. The sample is one inch long and has a 2mm by 2mm 
cross section. Determine the resistance of the bar between contacts placed 
at the ends of the long dimension and also between contacts placed at opposite 
sides of the short dimension. Consider electron mobility to be 1200 em?/ 
volt-sec at 300° K. 

2-9. The number of thermally generated hole-electron pairs in intrinsic 
germanium is given by 
lop. y/2kT Miser 

cm 


n=l 


For temperatures of 200° K, 300° K, and 400° K calculate the density of 
pairs. E, is the width of the forbidden gap. 

2-10. Describe the operation of an n-p-n transistor by drawing an energy- 
level diagram similar to Fig. 2-10. 

2-11. Why do minority carriers exist? Does your reasoning explain the 
difference in Ico between silicon and germanium devices? 

2-12. Describe the operation of a p-n-p transistor operated in the common- 
emitter configuration. 

2-13. Explain why semiconductor devices made of silicon can operate at 
higher ambient temperatures than can germanium devices. 

2-14. Consider the common-base output characteristics that depict Ico 
(Iz = 0) as well as curves for other values of Ip (see Fig. 1-8). Since Ico is 
caused by minority carriers and the remainder of the characteristic family 
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results from majority carrier movement explain why both cause collector cur- 
rent in the same direction. A diagram may clarify your explanation. 

2-15. The dependence of alpha upon base thickness has been investigated, 
with the following theoretical conclusions: 


far = 7a for germanium p-n-p 


5.6 : 
fab = —; for germanium n-p-n 
Ww 
and 


1.8 
_— Ww for silicon transistors, 


where fa» stands for the ‘alpha cutoff frequency,” the frequency at which a 
has declined to 1/+/2 of its low-frequency magnitude, and W is base width 
in inches.2?. Compare operation of the three possible transistors with base 
widths of 3, 1, and 2 mils. 

2-16. Describe how it may be possible to utilize the Zener breakdown 
characteristic of a diode to provide voltage regulation in an electrical circuit. 

2-17. Draw the energy-level diagram for an n-p-n-p device showing the 
“hook.” Consult an information source such as Reference 9 for additional 
information. 

2-18. After consulting Reference 7, briefly discuss the need for, and the 
methods of, encapsulating junction transistors. 
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Chapter 3 





THE OPERATING POINT 








This chapter begins the treatment of the transistor as an important part 
of the practical electronic circuit. Up to this point the transistor has been 
considered as an isolated component; now it is necessary to incorporate it 
into a complete circuit to do a specified job. Our first consideration will be 
the practical establishment of a suitable operating point; because several dif- 
ferent circuits may be used, a comparison of the performance of the various 
circuits will be made. 

Establishing the proper operating point for a transistor stage and main- 
(aining that operating point despite unit-to-unit manufacturing variations, 
aging, or ambient temperature variations is of prime importance in modern 
electronic circuit design. As a consequence direct-current bias supplies for 
(ransistor circuits have been the subject of investigation during the first 
decade of the transistor. 

‘To establish an operating point for a transistor common-emitter circuit the 
necessary direct potentials and currents must be provided to locate at a suit- 
able position in the active region of -E 

. BB 
the collector characteristics. After 
in operating point is attained, time- 
varying or alternating excursions of 
input signal (base current, for ex- 
ample) of limited magnitude should 
ouuse Output signal (collector current) 
variations of similar waveshape. If = 
the corresponding output excursions 
ure clipped or in other ways do not 
satisfactorily duplicate the input sig- 
nal, then the operating point is probably unsatisfactory and must be repo- 
aitioned on the collector characteristics. 

Consider the circuit of Fig. 3-1. An operating point may be defined by a 
particular Jp and Vex, or Ig and Ig, or Ig and Voz, for specifying any of 
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Fig. 3-1. Common-emitter amplifying 
stage. 
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these quantity pairs will dictate a point on the output characteristics. Prob- 
ably designation of Iz and Vr is easiest to envision for it is necessary to con- 
trol only the magnitude of the resistance Rg in the figure in order to deter- 
mine Ig. The JgRz product approximates the supply potential Ezz because 
the drop Vzz may be considered small. Collector current is directly dependent 
upon base current; the interrelation’ between these quantities was noted in 
Chapter 1: 

Ic = BIp + Iczo. (3-1) 


Vcx, the other operating point coordinate, is dependent upon Ic and Ecc 
and Rc according to the relation 


Ver = Ecc — IcRe. (3-2) 


Now an operating point may be established by control of the elements 
Rp, Rc, Epp, and Ecc as evidenced by the above discussion. The analogous 
situation in common-cathode vacuum-tube circuitry is the provision of direct 
plate-to-cathode and grid-to-cathode voltages, for these two potentials will 
locate a point on the tube’s plate characteristics, and excursions in grid voltage 
about the operating or quiescent point will cause corresponding plate voltage 
(and plate current) changes. 

3-1. Bias Stability. The transistor situation will now be discussed in de- 
tail. Refer to Fig. 3-2, where the operating point is noted as Q@. A time- 
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Fig. 3-2. Typical operation of the stage of Fig. 3-1. A sinusoidal base current results 
in a corresponding collector current of larger amplitude. 


varying base current of about 120 wa peak-to-peak is causing a collector- 
current variation of 3 ma peak-to-peak. The collector current is a faithful 
reproduction of the signal and no clipping of the waveform due to the satura- 
tion or cutoff regions is evident. This is Class-A operation. 

If a transistor of the same type but having different electrical character- 
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istics (leakage, gain, or saturation) were inserted into the circuit, or if a dif- 
ferent ambient temperature were encountered, operation as shown in Fig. 
3-3 may result. Although the Q point still is at Jz = 100 ua, the introduction 
of a sinusoidal base-current signal of the same amplitude as previously con- 
sidered (120 wa peak-to-peak) now results in a clipped collector-current wave- 
form. The stage is being driven into the saturation region of the characteris- 
tics and output no longer follows input. The only difference between the 
two curves is that Fig. 3-38 describes a higher-gain unit. Because of the 
generally wide manufacturing tolerances on the parameters (@, in this in- 
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I'ig, 8-8. Typical operation of the stage of Fig. 3-1 operating at the same base current 
as in Fig. 3-2. The transistor characteristics represent a higher gain unit. 


mlance), the problem discussed here is real, and must be solved by the circuit 
designer. 

The question that naturally arises is: “How can we provide an operating 
point that will minimize the effects of manufacturing, aging, and temperature 
and thus limit distortion caused by these factors?’ Study of Figs. 3-2 and 
4-3 tends to show that stabilization of Ig is not the desired remedy to the 
Operating point problem, for Zg was held constant in the above example. 
Note that the other operating-point coordinates did shift. If some point 
along the curve axes were to have been-held constant, such as a particular 


value of Zc, then more satisfactory operation would have resulted. If, in 
lige, 8-2 and 3-3, the Q point had been maintained at Ic = 2.5 ma instead 
of [yp = 100 pa, clipping would not have occurred. Gain will not be stabilized 


hy this proposal, but methods for gain stabilization are available and will be 
(vented later; our concern in this chapter is operating-point stability and 
suitability. 

$2, Variations. In Chapters 1 and 2 the transistor was spoken of as two 
back-to-back junction diodes and it was shown that the output current of 
(he device is made up of two components, a leakage-current portion and an 
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amplified input-signal portion. We may use these ideas to formulate an 
equivalent electrical circuit for a transistor, an equivalent that may be used 
in analyzing transistor circuits mathematically. Such an equivalent is shown 
in Fig. 3-4 for each of the practical configurations. 

It has been noted that the emitter-base diode is always biased in the for- 
ward direction. Variations in the forward properties of that diode, while 
generally large, can often be adequately swamped by external circuit resist- 
ance. The collector-base diode is always biased reversely; its variations will 


(8+1)Ico 





(a) 


Fig. 3-4. Transistor configurations, and their simplified d-c equivalent circuits: 
(a) common-emitter; (b) common-collector; (c) common-base. 


also be great, but because of the high value of resistance it presents, and the 
fact that this resistance accounts for the slope of the collector characteristics, 
a more-or-less second-order effect, we shall neglect it in the discussion that 
follows. 

Let us center our attention upon the current generators of the equivalent 
circuits. The alpha parameter may differ by a few percent from unit to unit 
and therefore its tolerance would appear to be of little consequence in con- 
sidering bias stability. A major contributor to instability is the (1 — a) term 
(as found in 8); this term must somehow be swamped or its effects minimized. 
For a transistor with an a of 0.97, 1 — ais 0.03. If @ is 0.99 for a substitute 
transistor used in the given circuit, the (1 — @) term is now 0.01. Thus, 
with the numbers cited a 67% change occurs in (1 — «) while a changes by 
less than 2%, 
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Of great importance is change in Igg. For germanium transistors Ico 
generally varies according to the formula 3 


Ico Ss Age? (T—T 9) (3-3) 


where Ao is the measured value of Ico at the reference temperature, T' is the 
operating temperature of the collector junction in degrees Contierads and 
To is the reference temperature in degrees Centigrade, usually 25° C. The 
constant 0.08 represents an average determined from a large number of tran- 
sistor tests. Typical of the variation to be expected in Icg is that shown as 
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Fig. 3-5. Typical variation of Ico with temperature. 


Vig. 3-5, which represents Ico versus temperature for sample germanium and 

silicon transistors. About an 8% change per °C is to be expected in the 
leakage current of germanium units and about one half as much in silicon 
; apr Leakage current in the common-emitter configuration varies as 
co, tor 


Iczo = (6 + 1)Ico. (3-4) 


Therefore magnitude change in Zc¢zo is much greater than Ico. 

Now in summary, the important unit-to-unit variations will be in the 
magnitude of the amplification factor and the magnitude of the leakage cur- 
ront, Sonsequently the zero input-current line of the characteristics will 
differ, as will the spacing between lines of constant input. Temperature will 
not have a strong effect upon a, but will greatly change leakage current. 
‘The resultant change in characteristics will be a ladder effect, with the height 
of the first rung (leakage) dependent upon temperature, the upper rungs 
moving up or down but their spacing more-or-less constant. 

3-3, Circuit Studies. The selection of an operating point depends upon a 
number of factors. Among these factors are the maximum signal excursions 
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to be handled by the stage under consideration, the load on the stage, the 
available suppy potentials, and the tolerable distortion in the signal. Gain 
can be optimized by appropriate choice of an operating point. Most manu- 
facturers provide a “recommended operating point,”’ and for low-power tran- 
sistors this is usually at Ic = 1 ma, Voz = 5 volts, but operation may just 
as well center about other points, and it is not necessary to follow the recom- 
mendation. No specific rules will be given here for selecting a point; rather 
by study of sanple designs the reader will acquire a feeling for a choice based 
upon all the fectors of the circuit design. 

The selection of a biasing circuit can be made after study of the various 
schemes that have become popular. A number of these circuits are presented 
in the paragraphs that follow; they may be compared along the following lines: 


. Sensitivity to temperature and to manufacturing tolerances 
. Sensitivity to changes in supply voltages 

Number of supplies required 

. Currert drain on supplies 

. Numb2r of circuit components 

. Input resistance presented to signal 

. Amount of degeneration (loss of gain) 


IAAP WN 


Naturally, in any particular circuit all of the above factors will not be of 
equal importence, but, as we have previously seen, item number one can 
cause great difficulty and our major attention will be directed toward stabi- 
lizing the opecating point. 

Our study of the bias stability problem will commence with investigations 
of Ic, for we wish to make Io independent of Ico and (1 — a). When this 
is accomplished it still is possible that a-c stage gain will vary because of cer- 
tain conditiors, as stated in a subsequent chapter. However, a part of the 
overall problan will be solved if an amplifying stage can be prevented from 
being prematirely and unpredictably driven into saturation or cutoff. 


What causes Ic to vary? In the following analysis of biasing methods one ~ 


is impressed by the similarity of the equations for Ic—they all contain terms 
that include c, (1 — a), and Ico. It will be seen that the effects of the (1 — a) 
terms can often be minimized. On the other hand terms involving Ico are 
not easy to remove from the expressions for Ic. The relative merits of each 
of the circuits considered here can be studied. 

The followng assumptions are used for simplification of analysis: 


1. Only ths common-emitter connection will be studied. 

2. The base-to-emitter voltage, Vaz, is negligible. In other words, the 
drops across the swamping resistors R, and Re are much greater than Vaz. 
If a more detailed study of behavior is required, corrections to the analyses 
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may be made. In almost all instances, however ill li 
and generally below 0.2 volt for lowepower bee ies pel aaa 
3. The collector-to-emitter voltage, Voz, has negligible effect upon collector 
current. Thus, for the purposes of these analyses, I¢ is composed of two 
components, (6 + 1)Ico and BIg, and depends upon collector voltage only 
insofar as Ig is dependent upon that voltage. The output resistance is 
assumed to be very large and constant. Although in reality its variations are 
great, the assumption nevertheless is generally valid. 
4, The short-circuit current amplification factor a is constant over the 
practical range of possible operating points. 


A circuit stability factor S has been defined and widely accepted and will 
be employed here.® It is a measure of the bias stability or circuit sensitivity 
primarily due to temperature. Mathematically, 


alc 
SS 
ales (3-5) 


Of course other stability factors are possible: we shall examine the change in 
/ e due to a, and due to supply-potential variations. : 
lhe value of the stability factor lies in its use as a measure of comparison 
mong circuits. S as defined here cannot attain a magnitude below unit 
the closer to unity the less the operating point will shift. : 
A transistor stage adequately biased with S = 10 and subjected to a tem- 
perature that changes Ico by 40 ua will experience a resulting change in the 
operating point (Ic) of 400 wa. It is then the circuit designer’s responsibilit 
to determine if a 400 wa change is tolerable in light of expected signal c 
nitudes, ete. : mig 
Before considering the first of our sample circuits it is necessary to state 
that names have been ascribed to the various biasing circuits in order more 
clearly to compare their performance. These names are by no means uni- 
vorsally used ; however a system of nomenclature seems to be of value here. = 
o4. Fixed Bias. Consider the practical common-emitter amplifying stage 
of Vig. 3-ba and its d-c equivalent circuit of Fig. 3-6b. Coupling capacitors 
wre shown in order to isolate this stage from preceding and succeeding cir- 
oultry. The direct supply voltages for both the collector (Ecc) and the base 
(Man) are normally the same source, and therefore the circuit requires only 
one potential supply; a practical advantage over some alternate biasing cir- 
ouits, I his circuit essentially sets a constant base current, and thus extreme 
sensitivity to gain variations is to be expected. The ronlehazitie R, and R 
improve performance by swamping variations in the input resistance of dis 
eestet These resistors have other important functions, which will be dis- 
acl, 
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Fig. 3-6. Fixed biasing: (a) typical common-emitter amplifying stage with fixed 
biasing; (b) d-c equivalent circuit for (a). 
Basic equations for this circuit are 
Ic = Iz — In, 
Ic = BIp + (8 + 1)co, (3-6) 
Epp = IgR, + IpRe. 
These three equations may be solved for Ic: 
oEpp + Ico(Ri + Ro) 
Ri + R(1 — a) 


The effects of variations in a and Ico can now be considered. To minimize 
effects of the (1 — a) term, we must set 


R, > Ro(1 bas a), (3-8a) 


(3-7) 





c= 


or 
R, > 10R2(1 — a). (3-8b) 


The requirement posed by Eq. (3-8b) is practical only if Ezz is a low-voltage 
source separate from Ecc. If it is necessary to utilize Ecc for both supplies 
then Eq. (3-8b) cannot be satisfied. When employing fixed biasing we must 
often be content with a stage whose operating point is sensitive to changes in 
a and, in fact, a circuit with fixed bias is also extremely sensitive to changes 
in Ico, a8 will be shown. However, this circuitry offers certain advantages; a 
minimum of components are needed, and input resistance is not measurably 
reduced by the bias scheme, for although R2 parallels the transistor, it is 
generally of a sufficiently large magnitude so as not to effect the a-c input 
resistance of the stage. The need for only one power supply is also a necessity 
in certain applications, 
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Differentiation of Eq. (8-7) with respect to Ico yields the following relation 
for stability factor: 


dlc R, + Re 

Ico §=9R, + Ro(1 — a) 
As has been stated, Rz is generally of very large value, particularly if base 
current is obtained from Ecc, and consequently a fixed biased stage will often 


be adversely affected by any leakage current variations. 
We may look at other sources of operating-point drift. Let 


S 





(3-9) 








id 3-10 
a (3-10) 
Then, for this circuit 
a 
= ——__-—. (3-11) 
R,+ R11 — 
If we define : a( “) 
dle 
N=—: (8-12) 
0a 
then 
R, + Re)Epe + Ico(R Ro)R 
ve’ 1 2) Epp co(R; + Re) 2 (3-13) 


[Ri + Ro(1 — a)}? 


The foregoing relationships are of little value unless typical magnitudes of 
(he components and parameters are assumed. Therefore, let us consider a 
practical amplifying stage having the following characteristics: 

Ic = 1ma Ip = 33 wa Rz, = 4700 ohms 
Epp = Ecc = —8 volts R, = 1000 ohms a = 0.97 


The specified collector current was achieved with R, at a value of 210,000 
ohms. The stability factors are therefore ‘ 


211K 
S = ————_——. = 28.9 na/pa, 
1 K + (210 K)(0.03) 
ane 
M = 1338 pa/volt. 


The sensitivity to alpha (N) cannot be determined from regular measure- 
ments of an operating stage because cutoff current Ico appears in the expres- 
sion for N; this transistor, when tested independently exhibited an Ico of 
10 ua, Thus 


N = 0.04 ampere/unit = 400 ya/0.01 unit. 


We shall use these numbers to compare fixed biasing with other biasing 
schemes, 
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A few words are appropriately awarded to discussion of R;. This resistor 
is technically unnecessary, for a fixed-bias stage will operate satisfactorily 
without bypassed emitter resistance. (The bypass capacitor is required to 
eliminate a-c degeneration in A, because that element is common to both 
the input and output loop. Generally the capacitor is chosen so that its 
reactance is less than 0.1 of R; at the lowest frequency the amplifier is called 
upon to handle.) It is obvious from Eq. (3-7) that R, helps to swamp the 
(1 — a) term and thus NV is decreased, as well as S. With Ri = 0 in the sam- 
ple circuit, 2, must increase in value to 237,000 ohms and the stability factors 


become 
S = 33 pa/pa; 


M = 136 pa/volt; 
N = 487 wa/0.01 unit. 


It might appear that if Ay could be made extremely large, all problems would 
be solved. 2, however, is an important factor in the d-c load line for the 
stage and will help determine signal-handling capabilities. The values of Ry 
and Ry therefore are subject to a-c considerations and compromise; further 
discussion will be reserved for later in the chapter. 

In summary, fixed biasing provides a simple and inexpensive means for 
establishing an operating point. The stability of the operating point is ex- 
tremely poor when compared with that of other circuits. Bypassed emitter 
resistance improves the stability of the selected point. 

3-5. Single-Battery Bias. Ifa resistor is added between the base terminal 
and ground in the common-emitter amplifying stage shown in Fig. 3-6a, the 
practical circuit and its d-c equivalent take on the forms shown in Fig. 3-7. 
The poner, supply 2 the base and the collector will almost always be common 
‘BB ‘CC 






(8+1)Ico 





(a) 


Fig. 3-7. Single-battery biasing; (a) typical common-emitter amplifying stage wit 
single-battery biasing; (b) d-e equivalent cireuit for (a). 
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in practical applications of this circuit. Th i : : 
stabilive theses: . e resistor Ry, is again used to 


Loop and nodal equations are: 


[fee eee 
Ic = BIg + (8 + 1)Ico, 
Ip = Ig — Is, (3-14) 


Epp = 13R3 + I2Re, 
O = 13R3 — IpR,. 
Solution of Eqs. (8-14) for I¢ yields 
akzEpe + Icol[Rhi(R2 + Rs) + RoR] 
Ry(Rp + Rs) + (1—a)RoRs 
To stabilize this current against chan i 
Stal ges in (1 — 
which is sometimes the case. Then if Gaerne edier ae 
R, Rs > a as a) RR, 
the requirement for insensitivity to (1 — a) becomes 
R, > 10R3(1 — a). (8-16b) 


This requirement can be achieved practically in some circuits. 
Magnitude changes in Ico again definitely affect collector current. A com- 
parison can be made between so-called single-battery bias and fixed bias 


. ng 7 





c= (3-15) 


(8-16a) 


_ Ri (Re + Rs) + RoR 

Ry (Ro + Rs) + (1 — a) RoR 

If we again consider R3 small compared to Re, then Eq. (3-17a) becomes 
7 kh, + Rs 

Ri + R3(1 = @). 


F ri assumption used here, that Ry >> Rs, is not necessarily true for all 
( hie Generally 1) is three to ten times greater; however extreme accuracy 
is seldom warranted in transistor circuit calculations because of the large 
i ei tolerances. This assumption, in the example that follows, where 
{ 1e resistance ratio is about four, accounts for a 15% error in S; fois high 
ratios the error would be considerably less. an 
is 2 eerie oa considered in the preceding section was also biased by 
he method of this section. The desired operation poi i i 
point was achieved with 
values of Fy of 47,000 ohms and Ry of 11,200 ohms, although an infinite num- 





(3-17a) 


(for Ra >> Rg). (3-17b) 
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ber of combinations of these resistances is possible because the two can be 
thought of as a voltage divider. Using the approximate formula, Eq. (3-17b), 


thio 
~ 1K + (11.2 K)(0.03) 


Thus in this circuit, single-battery biasing is approximately three times as 
stable with respect to Ico as is fixed biasing. This represents a significant 
improvement, at the cost of just one resistive element. 


Vi = ak3 
7 R, (Ry + Rs) + (1 — a) RoR 
= (0.97) (11.2 K) 
~ (1 K)(58.2 K) + (0.03)(47 K)(11.2 K) 
(R3Epp + IcoR2R3)(RiR2 + Rik3 + R2ks3) 
N = ; (3-19) 
[Ri (Ro + R3) + (1. — a) Rohs] 
100 ua/0.01 unit. 





S = 9.1 pa/pa 





(3-18) 





= 147 pa/volt 


and 





A substantial improvement in operation is possible when single-battery bias 
rather than fixed bias is employed in a given circuit. This improvement is 
not always necessary, for the magnitude of S or M or N originally calculated 
for fixed biasing may be satisfactory for a particular application, and im- 
provement in the magnitude of the factors may be of academic value only. 

In summarizing the case for single-battery bias, we may say that operating 
point stability is considerably improved over that of fixed bias at the expense 
of one additional resistor. Only one d-c supply is required and bypassed 
emitter resistance is again recommended. 

3-6. Emitter Bias. If the base of the common-emitter configuration is 
grounded, or returned to ground through a resistor of moderate size, and the 
emitter is connected to a separate potential supply as shown in Fig. 3-8, 
with the equivalent circuit for emitter bias, a most stable operating point 
can be achieved. R, and Ry again help to swamp variations in the input 
diode. The basic equations for emitter bias are: 





I¢ = In — Ip, 
Ic = BIg + (8 + 1)Ico, (3-20) 
Solving for Ic: Hag = Tay tea 
ae aLpn + Ico(Ri + Ro) (3-21) 
R, + Ra(1 — a) 
For stability with respect to a variations, 
R; > 10Rg(1 — a) (8-22) 
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is the requirement. This can be achieved if low-stage input impedance is not 
too undesirable. 

The stability equations are identical with those for fixed bias except that 
Eze appears, rather than Egg. Although the equations are similar, numerical 
values of the components will differ. 

In the emitter-biased circuit, emitter current is being set, rather than base 
current. Potential at the base will be close to ground, differing only by the 

—Ecc 





lig. 3-8. Emitter biasing: (a) typical common-emitter amplifying stage with emitter 
biasing; (b) d-c equivalent circuit for (a). 


small drop IgRz. Potential at the emitter terminal (Vz) is essentially that 
at the base (Vgz < 0.5 volt) so 


Exe — V. 
[pie (3-23a) 
Ry 
E 
~ Sa (for Ro small). (3-23b) 
1 


In this connection then, R; dictates the desired emitter (or collector) current, 
und Rg serves just as a return for base current. Re could, for biasing pur- 
poses, be a short circuit, but no a-c amplification would then result. 

To compare emitter biasing with the previously discussed methods, we 
shall assume that an 8-volt supply is used for Ezg and Ic is again required 
tobe Ima. If Re = 10,000 ohms, R, = 8000 ohms according to Eq. (8-28b), 
and 
= Ry, + Re 

Ry + Ra(l — a) 

8kK+ 10K 


~ 8K + (10 K)(0.03) 





S (3-24) 


= 2.17 wa/pa. 
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This compares very favorably with the typical numbers obtained for fixed 
biasing and single-battery biasing. Sensitivity to supply-voltage variations 
is about the same as that provided by the other schemes, but a variations have 
practically no effect upon the emitter-biased stage. 

Suppose that transformer coupling is used between the preceding circuitry 
and the stage under consideration. The secondary of the transformer in Fig. 
3-9 places the base terminal close 
to d-c ground, assuming negligible 
d-c resistance of the winding, and 
the equation for the operating point 
for this arrangement becomes: 


_ Erg + IcoRy 
R, 


-E, cc 


c (3-25) 
Now a will give no difficulty because 
of the assumption that Ry = 0, and 
S is given by 


R;? 
S= he 1 (3-26) 
Fig. 3-9. Typical common-emitter am- Which indicates that the ultimate 
plifying stage with emitter biasing. in operating-point stability can be 


achieved. 

General conclusions to the discussion of emitter biasing—although the need 
for two d-c supplies of opposite polarity is often a definite disadvantage, a 
high degree of operating-point stability is guaranteed. 

3-7. Self Bias. Self bias gets its name from the fact that the collector ter- 
minal is connected through an external resistor to the base terminal. This 
connection is shown in Fig. 3-10 with the approximate d-c equivalent. Be- 
cause a lower voltage is available at the collector than with fixed biasing di- 
rectly connected to Egg, the value of R, will necessarily be smaller. 

Because of the constant no-signal collector potential, an operating point is 
established at a particular base current. Should the collector static character- 
istics change for any reason, the base current will change somewhat because 
Vc, which can be said to be driving Ig, changes when the characteristics 
change. Thus with this circuit a constant Ig is not being set, because Iz 
will shift with output-circuit variations. The compensating effects of self 
bias are desirable, but from an a-c standpoint some gain will be lost in the 
feedback connection (R2). Self biasing can take on several forms: the circuit 
may be as shown in Fig. 3-10; the base may be returned to ground through 
an additional resistor; or Rz on occasion has been split into two components, 
with a capacitor to ground from the junction. The equations describing this 
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(+19 





Fig. 3-10. Self biasing: (a) typical common-emitter amplifying stage with self bias; 
(b) d-c equivalent circuit for (a). 


circuit are: 
Ic = Iz = Tz, 


Ic = BIzp + (8 + 1)Ico, (3-27) 
Ecc = Ink, + IpR2 + InRz. 


‘The equation for Ig is 


aEco + Ico(R2 + Ri + Rr) 


ine 
R,+Rp+ (1 — a)R2 


(3-28) 





which bears some similarity to Eq. (3-7) for fixed bias. For a stable design 
(Ri + Rr) > (1 — a) Re. (8-29a) 

‘This leads to the conclusion that if 
(Ri + Rr) 2 1011 — a) Re, (3-29b) 


the circuit will not be sensitive to the a parameter. It is possible to approxi- 
mate this condition in some circuits. 

Since Ry is smaller here than in some other biasing circuits, this circuit is 
wlatively less sensitive to Ico. Emitter biasing, however, still results in a 
more stable operating point. 

Conclusions to the discussion of self-bias operation are that only one 
supply voltage is necessary and that connecting the base resistor to the col- 
lector terminal rather than directly to a supply results in a more stable op- 
erating point, A-c operation, however, dictates the feasibility of this method. 
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3-8. Cutoff Bias. In the low-signal-level stages of some transistor circuits 
it may be advantageous to maintain as high an input impedance as possible, 
or to achieve a most economical design. By providing no path for quiescent 
base current we can still achieve Class-A operation if so desired. The diagram 
of Fig. 3-11 shows a cutoff-bias circuit and its d-c equivalent. The expression 


—-Ecc 


(B+ Ilco 


R, 





(a) (b) 


Fig. 3-11. Cutoff biasing: (a) typical common-emitter amplifying stage with cutoff 
bias; (b) d-c equivalent circuit for (a). 


for collector current may be written directly as 
Ico 
I¢ = (6 + 1)Ico = re I cro. (3-30) 
=a 


Thus here we have a highly sensitive operating point, for collector current 7s 
Iceo. As we noted in Chapter 1, it is possible to swing to Ico as a lower 
limit on collector current, but distortion is prevalent in this low-current region. 
Nevertheless, consider a stage with Ico = 10 vaand 8 = 39. Then the output 
current capability of such a stage is Ic¢zo — Ico or 390 wa peak. The allowa- 
ble input signal would be 390/39 or 10 wa peak. These allowable swings 
are subject to temperature and a. 

Cutoff bias has been successfully used for the input stage of multistage 
transistor amplifiers where the signal to be amplified is small. 

3-9. Other Means of Setting the Operating Point. Many biasing circuits 
not included in this discussion have been used in various applications. Several 
are apparent in circuits considered in later chapters, and each may be studied 
on its own merits. It is felt, however, that the circuits previously described 
in this chapter are useful in the vast majority of applications, that their rela- 
tive merits have been adequately explored, and that as new circuits are con- 
sidered they can serve as a basis of comparison. The rather special biasing 
requirements for d-c amplifiers and power amplifiers will be treated in the 
text under those titles. 
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Common-base and common-collector circuits have not been discussed in 
this chapter. The use of these configurations is limited, and it is possible 
for the reader having experience with common-emitter circuits to bias these 
configurations fairly easily. Problems at the end of the chapter are intended 
to investigate these configurations further. 

A newcomer to the transistor field may wonder why the cathode-biasing 
technique employed in vacuum-tube circuitry is not applicable to transistor 


a 
I, 
‘3 Epp 
R, 
(a) 





lig. 3-12. (a) Cathode biasing for vacuum tube; (b) similar circuit for transistor stage. 


circuits. Cathode bias for a tube is illustrated in Fig. 83-12a. Plate current 
flowing through resistor R; causes a potential drop across FR, of the indicated 
polarity. Since negligible current is in R,, the resulting grid-to-cathode bias 
is simply J,R,. Capacitor C; is chosen to have a small reactance compared 
with the resistance of R, at the lowest operating frequency. 

A similar transistor circuit is that of Fig. 3-12b. If an emitter current is 
assumed, then the IzR, drop would be of the polarity shown. This would 
(end to reverse-bias the emitter-base diode rather than provide the forward 
bias required for normal Class-A operation. 

8-10. Drawing the Load Line. Refer again to Figs. 3-2 and 3-3, the com- 
mon-emitter collector characteristics. The straight line passing through the 
() point is known as a d-c load line. The procedure for establishing such a 
line for transistor-circuit analysis is almost identical to the methods normally 
employed with vacuum tubes. In a very general form we have seen that, for 
1 simple stage such as is shown in Fig. 3-6, 


Ic = f(z, Ver). (3-31) 


‘he equation describing the collector circuit is 


Eco = IcRt + Vea + Teh. (8-32a) 
Mince Ze and Ty are approximately equal, Eq. (8-32a) can be written as 
Yoo & Ic(Ry + Rt) + Ven. (3-32b) 








e — 
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Solution for Ig yields: 
Ece Ver 


Ic= = : 
R,+ Rk, R,+ Rr 


(3-33) 





Equation (3-31) represents the collector characteristics of the transistor, and 
Eq. (3-33) describes a straight line with a slope of —1/(1 + Rx) and abscissa 
intercept of Ecc. When Eq. (3-33) is superimposed upon the collector 
characteristics it is called the d-c load line. The operating point, or Q point, 
must lie on this line and also on the Ig (or Ic) line determined by biasing cir- 
cuitry. As is apparent in Eq. (3-33), for all circuits using bypassed or unby- 
passed emitter resistors, the value of that resistance must be added to Rx to 
establish the load-line slope and I¢ intercept. 

When emitter biasing is used as in the circuit in Fig. 3-8, the collector 
circuit equation is: 


Eoo + Exr = IcRi + Ver + Ink. (3-34) 
If, again, the approximation is made that I¢ and I are equal, then 


Eco + Eng & Ic(Ri + Rr) + Ver. (3-35a) 
Thus 
~ Ecc + Exr = Vee 


~ : (3-35b) 
Oo" RitRp Ry+ Rt 





Equation (3-35b) describes a straight line with a slope of —1/(R, + Rr), 
but now originating at an abscissa value of E¢¢ + Egg. As could have been 
reasoned, collector and emitter voltage sources can be added algebraically to 
result in the originating point for the d-c load line. 

The general rules for drawing the d-c load line for a common-emitter am- 
plifier stage can be summarized as follows: 


1. Sum all resistance in the emitter-collector circuit. The negative recipro- 
cal of this total will be the slope of the line. 

2. Sum all potential sources in the emitter-collector circuit. This will locate 
a point on the Voz axis of the transistor collector characteristics curve. 

3. Draw a straight line through the point determined in 2 with the slope 
determined in 1. 


Example. A common-emitter stage works into a resistive load of 5000 
ohms and has a bypassed emitter resistor of 1000 ohms. The collector supply 
potential is 12 volts. Draw the d-c load line and locate an operating point at 
Ico = 1 ma. 

Summing resistance in the emitter-collector circuit results in 6000 ohms. 
The load line will have a Veg intercept at Log = 12 volts and an J intercept 
at Eoc/(Rt + Ry) or 2ma, The line and Q are located as in Fig, 3-13. 
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In the foregoing sections investigations were made of the dependence of 
collector current upon the various circuit elements and parameters as well as 
temperature. But an operating point is defined by two quantities on the 
output characteristics, such as Ic and Vcg. Since the operating point must 











6000- ohm load line 


COLLECTOR CURRENT (I[,) IN MA. 

















0 5 10 [Eo 15 20 25 
COLLECTOR-TO-EMITTER VOLTAGE (Vo,) 


I‘ig. 83-13. D-c load line on collector characteristics for the example cited in the text. 


lie on the load line, any change in J¢ will result in a Vcg change; the load 
line or its equation may be used to locate this new Vczr. 

3-11. Design of Biasing Circuitry. Design of the biasing circuitry for tran- 
sistor amplifiers is not as straightforward as might be desired. It has been 
shown that the operating point will vary from the desired point because of 
parameter differences from one transistor to the next. When some of the 
more temperature-sensitive biasing circuitry is used, these parameter dif- 
ferences make the task of predicting biasing resistors difficult, if not impossible. 

As an example of this difficulty, let us examine Eq. (3-7). If Ico is assumed 
(o be negligible, then 


alipp 
Io 2 ————- : 3-362) 
R, + Ro(1 — a) ( 


Vag = 10 volts, Ry = 1000 ohms, a = 0.99, and it is required to find the 
value of Rg that will result in J¢ = 1 ma. 


allpp — Ich, 


Bia 
Sri eadililic umn nar) 


= 890,000 ohms. (3-36b) 





=— 
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If a value of 0.98 were used for a, which is still within the manufacturer’s 


tolerance, 
R, = 440,000 ohms. 


A one percent change in a resulted in a fifty percent change in the predicted 
value of Ro. 

Probably a more accurate approach to the problem of predicting R» for a 
fixed-bias stage is to write the equation for the base-emitter loop. Then 


Epp = IpRo + Veg + Inky. (3-37a) 


Now Ig can be determined from the collector characteristics at the Q point 


or from 


I 
Ga 


Since Iz & Ic, we may write 


a(Epp — Vag — ToRi) 
Ico(1 — a) 





Rie (3-37b) 


Using the numbers previously employed, for a = 0.99 and Vgz = 0.2 volts, 


Ry = 871,000 ohms; 
and for a = 0.98, 
Rz = 431,000 ohms, 


which indicates that the spread in predicted values of Rg is still intolerable 
even when Vaz is considered. 

But suppose with the help of mathematics we investigate Eq. (3-36a) to 
see how much difficulty will be caused by a wrong value of Re. 


dlc —alipa(1 — a) 


s : 3-38 
dRy [Ry + Ro(1 — a)? 





If the same numbers are again used, and Rz has a nominal value of 890 K, 


—(0. 01 
ole = cme.) = —0.001 va/ohm 
aR, [1K + 890 K(0.01)?? 





A 100,000-ohm error in R, will account for a shift in I¢ of about 100 ya, a 
significant change. 

Thus it may be concluded that there is some folly in employing design equa- 
tions for some types of biasing. Of course equations are perfectly good pro- 
vided that the circuit parameters are accurately known, but if a spread is to 
be expected then a spread in required circuit resistance values will also be 





THE OPERATING POINT 63 





apparent. Nevertheless the reader will wish to be able to predict component 
sizes and as a first approximation any of the equations for collector current 
given in the chapter will be useful in the quest for the correct resistance values. 

For the single-battery circuit, since two base circuit resistances are used, a 
certain amount of freedom of choice of R3 is allowed. Consequently, in the 
material that follows, R3 is usually chosen to be several times larger than the 
input resistance of the stage. For low-power stages, Rz will generally be 
several times larger than R3. Required values for resistors in circuits where 
mathematical prediction is inaccurate usually are determined by the building 
of sample stages with adjustable resistances and varying values until satis- 
factory operation is achieved. When emitter biasing is used, because of the 
insensitivity of that circuit to a, a very accurate prediction of the circuit re- 
sistances is possible. 

When circuitry for establishing the operating point of a transistor amplifier 
is being designed the effects upon a-c operation should be carefully considered. 
The values chosen for Rg and R3 will affect the input impedance of the stage 
under consideration. Likewise, Rz, the d-c load resistor (also called the col- 
lector-return resistor), is an integral part of the a-c load of the stage. Choice 
of each of these must be weighed in light of a-c requirements. 

3-12. Summary. Setting an operating point for a transistor stage is highly 
dependent upon the a-c requirements for that stage, but a compromise is 
almost always necessary when capacitive coupling is used, because the desired 
degree of freedom of choice for circuit elements is not often realized. 

Maintaining a particular operating point, once it is set, is a problem de- 
pendent in part upon the circuit chosen. Since a number of circuits have 
been considered and the differences among them discussed, and a large num- 
ber of equations formulated, the important equations have been tabulated in 
Table 3-1. 

For direct-coupled multistage amplifiers, where no blocking capacitors are 
used to isolate the direct currents of each stage, the variation of collector cur- 
rent with temperature, supply voltage, and amplification factor may become 
quite severe, for variations in early stages are amplified by succeeding units. 
A great deal of stability is necessary in such circuits, and compensating net- 
works are often employed. Compensating networks may be designed for the 
individual isolated circuits discussed here, although their use is not common 
When capacitive or transformer coupling is allowed. Direct-coupled ampli- 
fiers are treated in Chapter 8. 

The discussion of the d-c portion of the transistor stage is now concluded 
and in the ensuing chapter a-c operation will be of primary concern. How- 
ever, whenever a complete stage is to be analyzed or designed it is apparent 
that the interrelations between a-c operation and quiescent conditions must 
be known. We shall see that the operating point is an important part of each 
cireuit to be studied, 
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SUMMARY OF BIASING EQUATIONS 


TABLE 3-1. 
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PROBLEMS 


3-1. A transistor has a leakage current Ico of 10 wa at 25°C. Use Eq. 
(3-3) to calculate the temperature rise necessary for Ico to double its 25° C 
value. Will this same temperature rise pertain to a doubling of Iczo0? 

3-2. Confirm Eq. (3-7) for fixed bias. 

3-3. Confirm Eq. (8-15) for single-battery bias. 

3-4. Confirm Eq. (3-21) for emitter bias. 

3-5. Discuss each biasing scheme of this chapter from the standpoint of 
input resistance to alternating signals. 

3-6. A certain fixed-bias stage with R, = 110,000 ohms and 6 = 50 is 
operating from a 10-volt supply and must exhibit a stability factor (S) of 10. 

Jaleulate the R; required. Is this a reasonable answer? 

3-7. Sketch several other biasing schemes for common-emitter stages. 
Reference 3 may help. 

3-8. Study and discuss the d-c supply power drain of each of the bias 
arrangements of this chapter. 

3-9. Include Vzz in the equation for I¢ for fixed biasing. 

3-10. Calculations with laboratory confirmation indicate that, in a par- 
ticular fixed-bias stage using silicon transistors, R,; = 1000 ohms, Ry = 
100,000 ohms, a = 0.98 and Ico = 0.1 wa when the collector current is 3.27 ma. 
lor a production run, resistors with +20% tolerance are to be used. Cal- 
culate the operating point (Ic) shift if each resistor is at the upper end of its 
allowable range, and also at its lowest possible value. 

3-11. To set an operating point for a single-battery biased common-emitter 
stage at 1 ma, the following data were taken of usable combinations of Re 
and Rs. The circuit feeds a 3600-ohm load and R, is 1000 ohms. The tran- 
sistor has a 6 of 80 and Ico of 7 wa. Epp = Eco = 12.4 volts. 


Re» Rs 
200 K 115K 
150K 60 K 
110K 35 K 

40K 10K 

21K 5K 


Compare the various resistance pairs to determine which pair will result in a 
stage that shows a minimum of sensitivity to Ico variations. 

8-12. Using the same circuit as in the preceding problem, but with a B = 
22 transistor, determine if a higher stability is achieved because required re- 
sistance values are lower. Rg = 18 K when R3 = 5 K, and Rg = 82 K when 
hy = 10K, for example. 

8-13. Draw d-c load lines of 1000, 2000 and 5000 ohms on a sketch of 
the 2N844 collector characteristics (Appendix I), starting from Veg = —3 
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volts. Locate operating points at Iz = —50 wa for each line. What angle, 
in degrees, does each load line make with the horizontal? 

3-14. A vertical load line and a horizontal load line indicate what kind of 
loads? 

3-15. Design an emitter-biased circuit in which the collector current does 
not change more than 0.5 ma for an increase of 200 wa in Igg. The available 
supplies are +15 and —15 volts and the operating point must be at —10 
volts and 1.5 ma. Ico is initially negligible, a = 0.98 and is substantially 
constant. 

(a) What values should R,; and Ry be? What potential exists from base 
to emitter? The transistor is germanium. 

(b) If a changed to 0.96 because of the same temperature variation that 
changed Ico, would the values calculated in (a) be correct in order to limit 
the change in Ig to 0.5 ma? If not what can be done to the original design? 

3-16. Derive the expression for I¢ for a stage biased as shown in the 
accompanying figure. 


R, 


R, R 


Exg Ecc 





Problem 3-16. Problem 3-17. 


3-17. Consider the common-base circuit of the figure above. We desire 
Ig = 1 maand Vcg = 5 volts. The load is 5000 ohms. 

(a) Calculate the necessary values of Ecc and Egg if R, is 1000 ohms. 

(b) Derive an expression for J¢ in terms of the circuit parameters. 

(c) Derive an expression for 0I¢/dIco. 

(d) From your answer to (c), how can you achieve high stability in this 
circuit? 

(e) What effects would a bypassed base resistance have upon the operation 
of this circuit? 

(f) How would it be possible to operate a common-base circuit from one 
supply? Think. 

(g) Discuss the circuit from the standpoint of a-c power lost in R, if the 
a-c input resistance of the transistor is 50 ohms. 

3-18. For the common-collector circuit of Fig. A, Zz = 1 ma, Ip = 100 ya, 
Vic = 10 volts and the load is 1000 ohms. 

(a) Find Ro if Egg = Egy/2. 

(b) Derive an expression for Jy in terms of the circuit parameters. 
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(c) Derive an expression 0Iz/dIco. 

(d) From your answer to (c), how can high stability be achieved with this 
circuit? 

(e) What effects would a bypassed collector resistance have upon this 
circuit? 


R, 
Ry 


Egg Ecc 


Epp Exp 
(a) (b) 
Problem 3-18. 


(f) What polarities can Egg and Ecc have in the common-collector stage 
of Fig. B above? 

(g) How can the common-collector stage be operated from one supply? 

(h) How will R, affect the a-c input resistance of the entire stage? 

3-19. Derive an equation for 6, the angle between the d-c load line and the 
horizontal, as a function of FR, and the scale factors of the plot. 

3-20. The various biasing circuits (except self-bias) may be analytically 
treated by considering the transistor’s base supply from a Thévenin equiva- 
lent viewpoint. The generalized diagram of the accompanying figure can then 
be used for analysis of the different biasing techniques by altering or delet- 
ing elements in the figure. For example, for fixed bias from a single supply, 
IDB) = 0, Rp = Re and EB = Ecc. 


R 
1 E, 


E, 
Problem 3-20. 


(a) Derive an expression for Ic for the generalized biasing circuit. 

(b) For fixed bias, single-battery bias, emitter bias and cutoff bias make a 
listing of the values of E,, Zz and Rz in terms of Ecc, Exz, Ro and R3. 

(c) Confirm Eqs. (3-7), (3-15), (8-21), and (3-30). Consider that Egg = 
Keo = Epen. 
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Chapter 4 





EQUIVALENT CIRCUITS AND THEIR PARAMETERS 








In order to predict the performance of a transistor circuit, the impedance 
levels it presents to a signal source and load and the signal amplification it 
provides may be determined either graphically or analytically if the appro- 
priate information is available to the circuit designer. Graphical techniques 
are generally employed for analyzing high-signal-level stages and for checking 
the suitability of the operating point. The normal procedure for analyzing 
stages that are required to handle signals of small amplitude exclusively is to 
calculate performance using mathematical equations involving the small- 
signal parameters supplied by the manufacturer or determined by test. 

General network theory is concerned with but five circuit elements: re- 
sistance, inductance, capacitance, and voltage and current sources. When 
i passive device, a transformer, for instance, is incorporated into an electrical 
circuit, its symbol is replaced by an equivalent circuit comprised of R, L, 
and C. The symbol for an active circuit element, a transistor or tube for 
example, can be replaced by the appropriate combination of R, L, C, and 
sources. To derive equations for circuit performance—gains and impedance 
levels—a drawing is made of the electrical equivalent for the entire network, 
and Kirchhoff’s Laws, Ohm’s Law, and the numerous network simplification 
procedures are utilized to obtain the required mathematical formulas. Sub- 
stitution of the values of the known parameters and other circuit elements 
into such equations yields the required numerical results. 

This chapter is devoted to the study of low-frequency equivalent circuits, 
where transistor capacitances and inductances do not materially affect opera- 
(ion and will therefore cover the major portion of the audio-frequency range, 
and encompass the entire field of control amplification. Discussion of the 
parameters of these circuits and studies of the practical configurations are to 
follow. 

4-1, Equivalent Circuits. A very large number of different equivalent cir- 
cults for the transistor have been evolved to date, and as transistors enter 
higher frequency regions of operation, or are manufactured by different proc- 
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esses, new equivalents are born. Exactness in representation is somewhat 
responsible for the many equivalents, for an equivalent circuit for any device 
is subject to many refinements. 

The d-c conditions in a transistor circuit were calculated in Chapter 3. 
Here we are concerned with a-c steady-state analysis and shall derive equa- 
tions for the low-frequency current gain, voltage gain, power gain, and input 
and output resistance of single-stage amplifiers. Extension of these concepts 
to multistage amplifiers, with and without feedback, and to other communica- 
tions circuits is reserved for the later chapters. 

An equivalent circuit for the transistor (or any other device) will remain 
the same regardless of the circuit configuration in which it is employed, i.e. 
common-base, common-emitter, or common-collector. Once a particular 
equivalent circuit has been accepted from a technical standpoint, it will not 
vary. But conditions external to the transistor will differ because circuit 
applications differ. The equivalent circuit of a transistor derived for the 
common-base configuration can be used when employing the transistor in 
some other configuration just by connecting the three terminals of the tran- 
sistor equivalent circuit to the proper places in the network. 

It is sometimes more convenient to utilize alternate nomenclature when 
considering the various configurations. Thus 8, the current-amplification 
factor relating excursions in collector current to those of base current, is 
most likely to be employed in discussing the common-emitter configuration 
(and also common-collector), while a, the ratio of variations in collector cur- 
rent to those of emitter current, is most often used in working with common- 
base stages. With the normal tools of circuit theory, it is possible to arrive 
at several different representations because of the interrelations among pa- 
rameters. 

It must be borne in mind that the equivalent circuits most often used are 
approximations in themselves, and that exact equivalents are unwieldy. 
Therefore, because of nonlinearities of characteristics and the lumping of dis- 
tributed parameters, great accuracy in the calculation of the performance of 
transistor circuitry is unwarranted; simplifying assumptions should be utilized 
whenever practical. 

Although a large variety of equivalent circuits for the junction transistor 
have been proposed, and have been put to good use by various organizations 
and individuals, for low-frequency applications manufacturers most often 
supply information pertaining to the parameters of the current-generator 
equivalent tee circuit and the hybrid equivalent circuit. Consequently, these 
representations will be used exclusively here—the hybrid-r equivalent is pre- 
sented in Chapter 9. 

4-2. Current-Generator Equivalent Tee. The diode equivalent circuit used 
in Chapter 3, which includes the current generators aJz and Ico, can be useful 
for a-c circuit analysis, provided that some modifications are made, Leakage 
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Se ee ee 


current is a unidirectional and constant quantity and therefore not a factor 
in incremental studies. Designating instantaneous quantities by lower-case 
letters, the generator alg becomes ai, and the time-varying components of 
the circuit currents become 7, 7,, and i,. As a refinement, resistance will be 
added to each leg of the circuit to denote the finite resistance of the bulk 
material and semiconductor “barrier” resistance, and to provide a common 


Qi. 





(d) 


lig. 4-1. (a) Common-base current-generator equivalent circuit; (b) common-base 
voltage-generator equivalent circuit; (c) common-emitter equivalent of (a); (d) 
common-emitter equivalent with all parameters in terms of (a). 


element for the feedback of signal from output to input loop, an operational 
phenomenon. 

The thoughts of the above paragraph, when compiled, result in the circuit 
of Fig. 4-la. This is the current-generator equivalent tee; the name arises 
from the use of a current generator in the collector branch (a voltage-generator 
equivalent is also possible), and from the circuit diagram which is in the shape 
of the letter T. 

For circuit studies it is often convenient to replace the current generator 
and parallel resistance with an equivalent voltage-generator, series-resistance 
combination according to the Thévenin and Norton Theorems. The result 
of this interchange is the circuit of Fig. 4-1b. The interchange of sources is a 
useful tool, and it is recommended that the reader review his ability to per- 
form this task. Simply, when making a source interchange, the value of the 
source resistance (or impedance) does not change but its location does, and a 
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current generator of i becomes a voltage generator of magnitude 7R. To re- 
verse the procedure, a voltage generator of e becomes a current generator of 
e/R. 

For the common-emitter connection, the equivalent circuits of Figs. 4-la 
and 4-1b apply, but it is necessary to interchange the branches that include 
r,and ry. It is, however, customary to think of the collector current generator 
as dependent upon the input quantity 7, rather than 7, (Fig. 4-1¢c). To change 
from aie paralleling r, to 67» paralleling some new resistance r,’, we recall the 
summation of currents 


dp = tg + tp. (4-1) 


Then in making a source transformation of ai,, the resulting voltage generator 
can be written as a(ie + iz)". But in series with this generator is r., and 
consequently an i-r- voltage drop. If we combine the rise ai,r, with the drop 
ice, then icre(1 — a) is the composite drop due to collector current and apr, 
the total rise. Transforming these into a current-generator equivalent yields, 
for the generator, 

é alle 


tae 


and the resistance paralleling this source is 
re = 7-1 — a). (4-2) 


The generally accepted equivalent for common-emitter studies is Fig. 4—1d. 

We now turn our attention to the derivation of performance equations for 
the three configurations. 

Common-Emitter. Fig. 4-2 shows the current-generator equivalent tee net- 
work for the common-emitter configuration connected to a voltage source 
with source resistance of R, and connected to a resistive load Ry. Of im- 
portance are relationships for current, voltage, and power gain, and input 





Fig. 4-2. A-c equivalent circuit for the common-emitter configuration with source and 
load terminations. 
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and output impedance. After the current source in the collector branch is 
replaced by an equivalent voltage source, loop equations may be written: 






































v; = (re + Pe) — t2(re); 4-3 
0 = —a[r.e — 6r-(1 = a)] + ie[re + re(1 = a) + Ry). ( 
The determinant D is 
D = (rot re)[re + rel — a) + Rr] — re(re — are) 
= rire + ro(l — a) + Rr) + re(re + Bz); 
vz —Te 
ae 0 rt+re(l — a) + 2, _ vlre + tell — a) + Rx) | 
1 D —_ D ) 
| Ty + Te v; 
as = (re ane ar) 0 5 Ui(Te cas are) 
' D an) ee 
Voltage Gain 
dA Y% _ ighy _ vRzp(ar, — r)/D 
: Yi Vv; - Vv; 
7 Ri(ere — Te) 
role + re(1 a) + Rz] + Te(Te + Rr) i 
Current Gain 
a 1g _ v;(are — Te) D 
a D vilre + re(1 — a) + Rx] 
ale — Te 
a. (4-5) 


ret re(1 — aw) + Ry 
Power Gain 


are — Te Rr(are — re) 


teh re(1 — a) + Ry role tre(l — a) + Rr] + re(re + Rx) 





G= A; A, 


Ry (ar, Ls 1)? 


sale tol — a) + Re|{rolre + roll — a) + Rr) + re(re + Rx)} a a 
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Input Resistance 
vi; Vi 


~ vdte + re(l — a) + Rz]/D 


= Tolle + re(1 = a) + Rr) + Tele + Rr) (4 7) 
Tet re(1 = a) + Rr 
Output Resistance 
Look back from Rz, short-circuit eg, and assume a driving voltage con- 
nected at v,, then the loop equations are: 


0= 11(Rg + Fp To) = ahs), 





R; = 








ty 




















; ; (4-8) 
Y = 4[—Te + Br-(1 — a)] + dalre + re(1 — a)]. 
The determinant D’ is 
D! = (Rg + ro t+ relte + re(1 — a)] + re(—re + are), 
| Rgtrotre 0 
. | tet are Yo! vole + ro + re) 
a D’ = D’ , 
therefore, 
Vo Vo 
Re = = = 
29 V(Ryg + ry + Te)/D’ 
_ (Rg + rot re)[re(1 — a)] + re(Rg + 75 + are) : (4-9) 





Retrot te 


An important conclusion to our mathematical study is that this configura- 
tion provides a current phase reversal, for 72 is negative (r, is actually much 
greater than r,) and therefore flows oppositely to the arrow in Fig. 4-2. A 
phase reversal also exists between v; and v,. The assumed instantaneous direc- 
tions of 7p, 7, and 7, in Fig. 4-2 are true. 


It may seem that a curve ball has been thrown. £8 was defined as the 


short-circuit current amplification factor for this configuration, yet from Eq. 
(4-5), when R;, = 0, which clearly represents a short circuit, 





are — Ye 
A; = —————_: (4-10) 
Te + re(1 _ a) 
instead of 
A; = B =——- (4-11) 
l-—a 


The discrepancy that exists can be clarified by stating that the 67, current 
generator technically is in error, and to be more exact that generator should 
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have some new nomenclature such as 6’7y. We may then define 








B’ 
a = . (4-12) 
ie aa 
Equation (4-10) can be correctly written as 
Sees (4-13) 
0 fy re(1 — a’) 
To find the value of a’, equate Eqs. (4-11) and (4-13) 
ate — Te a 
Te + r-(1 — a’) “il ashy. 
and then 
To+ Te 
Dae aaa (4-14) 
le 


When normal values for the parameters are inserted, Eq. (4-14) describes a 
difference between a and a’ that amounts to less than 0.01%. It therefore 





lig. 4-38. A-c equivalent circuit for the common-base configuration with source and 
load terminations. 


seems logical to call the current generator a, or 6, rather than assign another 
symbol, for the accuracy of the equivalent circuit itself and the accuracy of 
measurement of the parameters each result in errors of considerably greater 
magnitude than the difference between the short-circuit current-amplification 
factor and the factor we have called a’. 

Common-Base. Derivation of the formulas for the common-base configura- 
(ion proceeds from the equivalent circuit of Fig. 4—1a with the transistor con- 
nected to a source and a load as shown in Fig. 4-8. The derived expressions 
ive available in Table 4—2 and the reader is invited to verify them (see Prob- 
loms 4-2 and 4-3). The common-base configuration does not provide phase 
reversal between input and output quantities. 
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Common-Collector. The circuit of Fig. 4-4 may be used to derive per- 
formance equations for the common-collector configuration. Formulas for 
the prediction of transistor operation in this orientation are listed in Table 
4-3. The reader may verify them (see Problems 4-4 and 4-5). The common- 
collector orientation does not provide phase reversal between input and out- 
put quantities. 





Fig. 4-4. A-c equivalent circuit for the common-collector configuration with source 
and load terminations. 


Approximate Formulas. Tables 4-1, 4-2 and 4-3 are listings of the for- 
mulas derived for the three configurations. The so-called “complete” for- 
mulas, which themselves are based upon assumptions and approximations, 
are presented along with more “approximate” formulas, which are useful to 
gain a rapid insight into the circuit under consideration, without performing 
the more laborious task of solving the complete expression. 

In deriving the approximate formulas, the following considerations are 
among those of importance: 7, >1», Te >> Te, Te > Ri, Tel — a) > Rx, 
R,>r,. These assumptions stem from knowledge of typical values for the 
parameters; one might expect to encounter values such as 


rp = 500 ohms 

Te = 30 ohms 

re = 1,500,000 ohms 
a = 0.975 


Many other approximate relationships may be derived, some of which may — 
more satisfactorily describe the operation of a particular transistor type or 
circuit. 

It must be borne in mind that all equations presented herein pertain only 
to the circuits for which the formulas were derived. If series resistance were 
inserted into the emitter lead of the common-emitter configuration, for exam- 
ple, then r, would have to be increased by the amount of that additional 
resistance, and certain approximate formulas might not hold; or, more spe= 
cifically, the results of the use of the approximate formulas might be in error 
by an additional amount. 
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TABLE 4-1. 


COMMON-EMITTER FORMULAS FOR THE T-EQUIVALENT 





Complete Formulas 





Voltage 
Gain, A,* 


Current 
Gain, A;* 


Power Gain, @ 


Input 
Resistance, R; 


Output 
Resistance, R, 











Approximate Formulas + 








Ri(are — re) aR, 
ee + rl — a) + | Te trol — a) 
+ rere + Rr) 
(4-4) (4-4A) 
are — Le a 
re+ rl — a) + Re faq 
(4-5) (4-5A) 
Ry(are — Te)? oR, 
fe + rel — a) + Rr] {ro[re | (1 — a)[re + ro(1 — @)] 
+r(1—a) + Rr] + rere + Rx)} 
(4-6) (4-6A) 
rote + rl — a) + Rx) + relre + Rx) rol — a) +7 
Tet re(l — a) + Ry l-a 
(4-7) (4-7A) 


a +r + re)[r(1 — se 
+ rR, + 7 + are) 
R, + To + Le 





(4-9) 





Rerc(l — a) + rete 
R, + a) + le 
(4-9A) 





* Phase reversal. 


tre > re, re(l — a) > (Rr + re), Rg > 1b, re > (Rg +7). 
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TABLE 4-2. 


COMMON-BASE FORMULAS FOR THE T-EQUIVALENT 


Complete Formulas 


Approximate Formulas f{ 








Voltage 
Gain, A, 


Current 
Gain, A; 


Power Gain, G 


Input 


Resistance, R; 


Output 
Resistance, R, 























(ro + are) Rx aRy, 
rot + rel — a] + re(rs + re + Rx) ret ro(1 — a) 
(4-15) (4-15A) 
To + are 
rotre + Rr 
(4-16) (4-16A) 
Wary ates __ Re 
ae tr.o+ Rr){rfRi + rel — a re + ro(1 — @) 
+rerot+re+ Rx)} 
(4-17) (4-17A) 
rolRt + rel — @)] + rere + re + Rx) uit en 
rotre+ Rr 
(4-18) (4-18A) 
ro(Rg + re — are) + 1rc(Re + 7 + Pe) relR, + rol — a) + rel 
Retro te Re +10 + Pe 
(4-19) (4-19A) 


a 


tre > ro, rel — @) > Rr, re > (Rg + 7c). 





TABLE 4-3. 


Voltage 
Gain, A, 


Current 
Gain, A; 


Power 
Gain, G 


Input Re- 
sistance, R; 


Output Re- 
sistance, R, 
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Complete Formulas 





r Rr 
rote + Rr) + rere + Rt + rol — @)] 
(4-20) 
le 
r(l1 —a) +re+ Rr 
(4-21) 


re?’Ry 
oe —a)tre+ Rr] {ro(re + na 
+ rlre + Rt + rol — @)]} 
(4-22) 


rote + Rr) + rere + Rr +71 — a)] 














r(l1—a)+re+ Rr 
(4-28) 
TeA(Re +1 + 1c) + rel — a(R, + 70) 
Re+to+ ve 
(4-24) 


trl —a@) > Rr, Rr > [re + (1 — a), re > (Rg + 70). 





COMMON-COLLECTOR FORMULAS FOR THE T-EQUIVALENT 


Approximate Formulas { 





(4-22A) 





l—e 


(4-23A) 


re + (1 — a)(R, + 70) 
(4-24A) 
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4-3. Matrix Parameters. A two-terminal-pair device may be treated as a 
black box and general equations written relating the terminal quantities, ¢1, 
24, €g and zg. A general representation of such a device is shown in Fig. 4-5. 
Within the box is a linear, active, bilateral network—here a transistor. Be- 
cause the external conditions are measurable, the device within the box can 
be characterized by a set of four parameters; these parameters are the coeffi- 
cients in the pair of simultaneous equations that may be written to relate 
the external quantities. For example, the box of Fig. 4-5 can be described by 

€y = 21101 + 21222; | (4-25) 


€g = 22111 + Ze222. 


Five other equation pairs may he written to relate the terminal quantities: 


1) = Yrrer + Y12€2} (4-26) 
tg = Yoie1 + Yo2eo. 
ey = Ayyty + hizee; | (4-27) 
tg = haiti + hoger. 
1, = gisrei + gi2te; (4-28) 
€2 = gaiei + Goate. 


€y = M1€2 — A222; 
11 = Agi€g — Agete. 
€2 = by1@1 — Diet; 
tg = baie, — beet. 
The above relationships may also be written in matrix form (see Problem 4-9). 


. 1 z be 
iy ig ai. A oe 





Fig. 4-5. Black box showing positive Fig. 4-6. Equivalent circuit using 2 
directions for external quantities. parameters. 


For each of the above equation pairs it is possible to draw an equivalent 
electrical circuit, a circuit that could be considered to be the contents of the 
box of Fig. 4-5. The equivalent circuit that satisfies Eqs. (4-25) is shown in 
Fig. 4-6 and has been called the z-equivalent. In a like manner equivalent 
circuits for the other equations can be drawn, and many variations are pos- 
sible, particularly when one considers the equivalence of sources, 


(4-29) — 


| (4-30) | 





EQUIVALENT CIRCUITS AND THEIR PARAMETERS 81 





Let us momentarily discuss the z-equivalent, since the defining equations 
and the circuit are available. It is possible to derive the relationships for cir- 
cuit gains and input and output resistances as has been done for the current- 
generator equivalent tee. The short-circuit current gain is easily arrived at, 
for when é2 = 0, from Eqs. (4-25) 

a (4-31) 
Y 222 
The derivation of the performance equations for all of the matrix equivalents 
is left to the reader. The equations are presented in Appendix II. 

The discussion in this section has been rather general and, in fact, can 
apply to devices other than the transistor. For transistor work one of the 
preceding representations has emerged as an industry standard; attention will 
now be focused upon the hybrid equivalent. 

4-4. The Hybrid Equivalent Circuit. The hybrid or h-parameters have be- 
come the most used for describing the characteristics of the transistor. They 
are the coefficients in Eqs. (4-27), which describe a four-terminal network. 
Repeated here 

€y = Ayyty + hy2e2; (4-32) 


tg = haity + hooeo. (4-33) 


When considering a transistor in the common-base configuration, as in Fig. 
4—7a, the h-parameter equivalent circuit can take on the form of Fig. 4-7b 





‘ig. 4-7. Common-base configuration: (a) four-terminal network; (b) equivalent 
circuit for (a). 


in order to satisfy Eqs. (4-32) and (4-33). Since the defining equations must 
obey Kirchhoff’s Laws, hj; must be an impedance, and hee an admittance, 
while hy2 and hg; are dimensionless. For low-frequency analysis, hi; and hee 
will be resistive. 

The ease of measurement of the h-parameters has contributed to their 
widespread adoption, If the output terminals are a-c short-circuited, then 
(tg = 0 and 
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ey 


hy=->: (4-34) 
Vy 
Also 
1g 
hoy = >: (4-35) 
al 


Opening the a-c input circuit reduces 7, to zero and gives 


€1 


hi =: (4-36) 
€2 
and 
tg 
ho =—: (4-37) 
€2 


Therefore h,; may be called the “input impedance with output short-cir- 
cuited,” and hgg is the “output admittance with input open-circuited.” Like- 
wise, hig is the “voltage feedback ratio with input open-circuited,” and he 
is the “current amplification with output short-circuited.” It is interesting 
to note that 

haa aa Oy (4-38) 


both being defined under short-circuit loading. a is preceded by a negative 
sign because of the direction assigned to 72 in Fig. 4—7a; in the common-base 
configuration current flowing into the emitter terminal actually results in 
collector current out of the collector terminal. 

The short and open circuits referred to in the preceding paragraph for the 
measurement of transistor parameters may be accomplished in the laboratory 
by the insertion of suitable capacitors and inductors. A large-valued capacitor 
across an output terminal pair will short-circuit an a-c signal, but will not 
disturb quiescent conditions. Likewise, a large-valued choke in an input 
bias current supply will essentially open that circuit to a-c. 

In order to standardize transistor nomenclature, the American Institute of 
Electrical Engineers (AIEE) and the Institute of Radio Engineers (IRE) 
have recommended the following parameter symbols: 


hi» = hy (input impedance) 

hep = hig (voltage feedback ratio) 
hy» = ho, (current amplification) 
hod = hog (output admittance). 


The subscript b refers in each case to the parameter derived from the com- 
mon-base configuration. Since the numerical subscripts are still in use and 
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of course exist in the literature, it is necessary to be familiar with both sys- 


tems. Some amount of duplication will be presented in this book. 


Adherence to the defining Eqs. (4-32) and (4-33) when considering the 
common-emitter and common-collector configurations would result in new 
families of parameters. For those connections the AIEE-IRE symbols are 
hie hre, hye, aNd Noe; and hic, Are, hye; and hoc, with the second subscript in each 
case representing the configuration employed, i.e. e for common-emitter and 





Fig. 4-8. h-parameter equivalent circuits: (a) common-base; (b) common-emitter; 
(ec) common-collector. 


c for common-collector. Fig. 4-8 depicts equivalent circuits employing this 
nomenclature. 

We have thus far used the symbols with numerical subscripts for a com- 
mon-base stage exclusively. Since a common-emitter or -collector stage can 
also be described by Eqs. (4-32) and (4-83), a distinction must be made 
based upon transistor orientation. Generally, h,,, etc. are used for the 
parameters we have up to now called hy,, etc.; likewise hy., etc., and hy4¢, 
ete., exist. 

It is interesting to note that the equivalent circuits of Fig. 4-8 do not 
differ, because they all must satisfy the defining equations. Only the param- 
eter nomenclature varies because of configuration, and it is therefore possible 
to derive performance equations in terms of general parameters h;, h,, hy, and 
ho, and then, with these formulas, calculate circuit operation by inserting the 
precise parameters that correspond to the circuit configuration being ana- 
yzed, 
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We shall now investigate the general hybrid equivalent with the help of the 
circuit of Fig. 4-9. If we transform the collector branch current generator 
hyi, and parallel admittance h, to a voltage generator (hy/ho)t, with series 


hriz 





Fig. 4-9. A-c equivalent circuit for the general configuration with source and load 


terminations. 


admittance h,, then loop equations are 
0; = ih; + toh,Rz; 
Si ee ee 
0= ine + ia(= + Br): 
The determinant D is 


p — bb Raho) = hohe 




















ry) ho 
vn; h,Ry 
1 
ae aes dee oy 
ee eS ay 
hy 0; 
; hs/ho O —vzhz/ho 
. _ D ° <2 
Voltage Gain 
ra Yo | _ Gyia a viley(hy/ho)/D 
3 UB vy 
hyRy 


~ hy + Bz (hahy — lyhy) 


(4-39) 


(4-40) 
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Current Gain 


























al 2] 2 2Melto/D 
; 1 v{(1 + Ryho)/ho|/D 
hy 
~ 1 Rh, oy) 
Power Gain 
h 
Ci AM ete eis hs Re 
1+ Rrho hi + Rr(hiho — hrhy) 
hf Ry 
= . (4-42) 
(1 + Ryho)hi + Rr(hiho — hrhy)] 
Input Resistance 
TP aw : a is 
ay vil(1 + Rrho)/ho|/D 
hil + Rrho) — h,hyRy 


1+ Rrh, 


Output Resistance 
Look back from Fz, short-circuit e,, and assume a voltage source connected 
at vo; then the loop equations are 


0 = 11 (hy + R,) + Vohr} 


Wo = —ty (~) ify (-): | (4-44) 


The determinant D’ is 














iene 

ho 

| h; + R, —voh> 
. —hy/Nho Vo Vo(hi + Rg — hrhy/ho) 
12 > SS Ee SS eee fF 
D’ D’ 
R, = = = 2 
(2) Vol(hy + Ry Wiel h,hy/ho)/D' 
Reicks Be 


hid B= ha, lig 


With the preceding equations it is possible to calculate the performance of 
i. common-base stage by simply inserting hj», h,», hy», and ho», whereas to pre- 
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dict the circuit operation of a common-emitter connected transistor we should 
use hie, hrey hye, and hoe. The common-collector configuration would be treated 
similarly. Table 4-4 is a convenient summary of the formulas derived. 


TABLE 4-4. FORMULAS FOR THE HYBRID EQUIVALENT 














Voltage Gain, A, hyRr 
hi + RrA* 
(4-40) 
Current Gain, A; hy 
1+ Rrho 
(4-41) 
Power Gain, G hpPRr 
(1+ Rrho)[hi + RrA*) 
(4-42) 
Input Resistance, R; hi + RrA* 
1+ Rrho 
(4-48) 
Output Resistance, R, hi+ R, 
A’ + Reho 
(4-45) 








A” = hiho — hrhs 


It is somewhat cumbersome to provide a complete set of twelve parameters 
for each transistor type. Consequently, it has become more-or-less standard 
for manufacturers to supply just the common-base h-parameters. The user 


can either mathematically solve for the other sets, or can rearrange the com- 
hypie 


A rb Veb 





Fig. 4-10. Repositioning of the terminals of the common-base equivalent circuit of 
Fig. 4-8 for: (a) common-emitter analysis; (b) common-collector analysis. 
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mon-base equivalent circuit by transferring terminals. Both methods will be 
employed in subsequent paragraphs. 

Our next goal will be to derive a series of relations among the three sets of 
h-parameters. To study the other connections, we shall rearrange the ter- 
minals of the common-base circuit of Fig. 4-8a. This repositioning is shown 
in Fig. 4-10. In (a) of that figure, we have the equivalent common-emitter 
circuit in terms of common-base parameters. To find hje and hye, recall that 


ey 

hie OS aut 
for output short-circuited. 

12 

hye = > 

a 


The output short-circuit results in the network of Fig. 4-lla. A further 
simplification to that of Fig. 4-11b can be made with a knowledge of typical 
parameter values. h,» normally has a value of 10~? or 10~*, and hy» usually 





Fig. 4-11. Circuits for derivation of relationships between common-base and common- 
emitter parameters: (a) Fig. 4-10a with output short-circuited; (b) further simplifica- 
tion. 


represents a resistance of 10° or 10° ohms. These two parameters will be 
removed for simplicity and then 





-t = le + hyvte | (4-46) 
€y = —tehin 
Since 
, came Leis 
oie dee (4-47) 
a, —t(1 + hyo) 
then 
h; 
ee (4-48) 
1 + hyo 
We know that ; h 
hye = id = Sereh (4-49) 


4) = 4t(1 + hyo) 
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so 
—hyp 
hye = . (4-50) 
1+ hyp 


In a similar manner equations for h,, and h,. as well as the common-collector 
parameters may be derived (see Problems 4—22 and 4-23). Table 4-5 presents 
a summary of these relations among parameters. 


TABLE 4-5. RELATIONS AMONG PARAMETERS 


Relations Between Common-Base | Relations Between Common-Base 
and Common-Emitter Parameters | and Common-Collector Parameters 

















hie = i a hic & en 
hire x Mat — ie Shs hee XI 

he Mein 
he 1 in loc = i Pe 


The results of the preceding paragraph may also be used to derive formulas 
for the common-emitter configuration in terms of the more familiar com- 
mon-base parameters. Or, it is possible to utilize the circuit of Fig. 4—-10a, 
and by connecting the collector terminal to a load and the base terminal to a 





Fig. 4-12. A-e equivalent circuit for the common-emitter configuration with source 
and load terminations, 
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signal source, write and solve the circuit equations for terminal properties of 
the common-emitter connection in terms of common-base parameters. 

Refer to Fig. 4-12. After making a source interchange in the collector 
branch, the Kirchhoff equations are: 


eta Loi 
v= in (han — 2) + ta [hay - | 


ob hoo 


























(1 — hys)h l+h ey) 
— Thy 7 fb 
0=% | b+ ce + te is + Rr + (1 — hyo) (——*)]. 
hoo hoo 
The determinant D is 
— hiv + Rrhov) — hrohyoRe 
how 
Voltage Gain 
sen] | =| | 
Vy UA 
Ry|hisho 1 —hyp)h 
_ Lihivhos + ( o)hyo] (4-52) 
hil + Rrhos) — hrohsoRr 
Current Gain 
A;=|= 
UY 
hitho 1 — hpp)h 
phon + ( ohyo (4-53) 


~ hhoo(his + Rx) + (1 — hys)(1 + Bye) 
Power Gain 


G = A;-A, 
_ Rr lhivhoy + (1 — hes)hyol? 
[hoo(hin + Rr) + (1 — hyo) (1 + Ayo) hiv + Rrhov) — hrohyoRz] 











; (4-54) 
Input Resistance 
Vi 
R,; Le | Set 
uy 
hil + Rrhov) — ArvohyyoR 
o(1 + Rrhov) vhypRy (4-55) 


~ Thov(hin + Ru) + (l= hra)( + hyo) 
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Output Resistance 
The method previously used with the T-circuit results in 


h; h; 0 —~ Ip 
p, = Ht + Rglhivhon + (1 — hes) (1 + hys)] (4-56) 
hov(his + Rg) — hrohzo 
While not obvious from the equations, there is current and voltage phase 
reversal with this connection. This reversal is apparent when one realizes 
that hyp isa negative number. The reader may prefer to make the substitution 
A” = hishos — hrvhyy where applicable. 


TABLE 4-6. COMMON-EMITTER FORMULAS FOR THE HYBRID EQUIVALENT 





























Complete Formulas f Approximate Formulas © 
Voltage Gain, Rr(hivhos + hyp) hpRr 
A, hil + Rrhov) — hrhppRr hi(1 + Rrhoo) 
(4-52) (4-52A) 
Current Gain, hiohon + hyp hyp 
A* hoolhin + Rr) + (1 + hye) hooker, + (1 + hye) 
(4-53) (4-53A) 
Power Gain, G Ru(hivhos + hyo)? hy’ Rr 
Weeds + Rr) + (1 + hyo)] | ieee + Rrhos) 
X [ho(1 + Rrhos) — hrohyoP x] X [Rihop + (1 + hyo)] 
(4-54) (4-54A) 
Input hi(L + Rrhov) — hrhpoRr hi(l + Rrhov) 
Resistance, R; hos(hin + Rr) + (1 + hy) Rho + (1 + hy) 
(4-55) (4-55A) 
Output his + Relhivhos + (1 + hyo] hi + Rg + hyo) 
Resistance, R, hovlhis + Rg) — hrohyo hovl(hin + Rg) — hrohse 
(4-56) (4-56A) 








* Phase reversal. 
t (1 — Ay) factors omitted. 
© (1 + hyp) > hivhor, Rr > hiv, his > AivhpR.- 


4-5. Parameters. The two equivalent circuits presented thus far in this 
chapter, the current-generator equivalent tee and the hybrid equivalent are, 
at best, approximations to transistor behavior, for nonlinearities have been 
linearized, and reactances neglected. More exact equivalents have been de- 
rived to study operation of the device; they can be found in the literature.’ 
From these studies it is evident that all of the h-parameters are, in reality, 
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complex numbers: hj, hrs and hy, can be described in terms of the “alpha 
cutoff frequency,” the signal frequency at which the a parameter has de- 
creased by 3 db. For the analysis and design of low-frequency circuits, how- 
ever, it is sufficient to know that the h-parameters represent both ohmic and 
semiconductor types of resistance, that they are dictated, in the main, by the 
physical width of the base region, and are ideally functions of ambient tem- 
perature and direct emitter current. Since base width depends upon collector 
junction voltage, parameters will vary with that potential. 

The addition of capacitances to the transistor equivalent circuits thus far 
considered will be discussed in a later chapter. 

T- and h-Parameters. The T- and h-parameters must be related, for the 
two equivalent circuits were used to describe the same device—the transistor; 
and the gain and resistance equations must be identical, whether expressed 
in r’s or h’s. Our goal at this point is to find the relations between the two 
sets of parameters. To simplify the problem we shall consider only the com- 
mon-base h-parameters; Table 4-5 will then give us h-parameters for the 
other configurations, if desired. 

It has already been noted that 


hyp =—-a (4-38) 


If the equations from Tables 4-2 and 4-4 for input resistance are compared 
and, for simplicity, Rz set to zero, then 


(1 — e c 
ies teem rore(l — a) + re(ro + Te) (4-57) 
To t+ Te 





from which 
hip = re + ro(1 — a) (4-58) 


Letting R, approach an open-circuit condition yields, from the two R, equa- 
tions available, 
1 
——Pr (4-59) 
hoo 
If we substitute the three parameter interrelations now available into one of 
the formulas containing h,, in Table 4—4, then, to complete the list, 


T 
hey SS — (4-60) 
le 


These equations are tabulated in Table 4-7 which also includes T-parameters 
in terms of h’s. The reader is invited to verify the remaining equations 
(Problem 4-24), 
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TABLE 4-7, APPROXIMATE RELATIONS BETWEEN h-PARAMETERS AND 
T-PARAMETERS 











ho =re+r(l—a) | re = ho — ” (1 + hyo) 
hr = . m= 2 

hyp = —a@ Te = is 

ho = 7 a= —hy 





Curves and Parameters. Because either a set of curves or a set of parameters 
may be used to specify an active circuit element such as the transistor, the 
curves and parameters must be related. Considering the common-base con- 
nection with collector voltage and emitter current as independent variables, 
the functional relationships among variables are 


ic = f(tz, veR); 
; (4-61) 
ven = f (te, VcR). 
For differential changes in the quantities, the differential change in 7g is 
. oe, dtc 
dig =e diz oe ia dvcg (4-62) 
lp OVcB 
and the differential change in vgz is 


he es os (4-63) 
Olg OvcB 
Differential changes represent a-c components 
dig = 1 ducg = Up. 
diz = te dure = Ved. 


The operating range over the characteristics may be considered as linear if 
the changes are small; therefore the partial derivatives are constants, and 
symbols have already been assigned for them: 


Ue _ hyvte + Nowed (4-64) 
Yeo = Nite + hywrer: (4-65) 


and 
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In Chapter 1 a pictorial definition of alpha was given, and it was shown 
to be the incremental ratio of collector to emitter current at vcg = constant. 
From the same characteristics the slope of the lines of constant total emitter 
current yields h,»; correlation of this statement is evident from Eqs. (4-62) 
and (4-64) 

hob = Bak 


a 4-66 
a (4-66) 





te=0. 


To determine the two remaining parameters of the set graphically, one 
must have the input characteristics of emitter current versus emitter-to-base 
voltage for various collector-to-base potentials. Such a curve is Fig. 1-8b. 
hj is the slope of the lines of constant vcg and mathematically 





OvEB 
Olr veb=0- 
I’rom the same characteristics, 
ov 
hy =—— (4-68) 
OUCB |ie=0. 
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Wig, 4-18. (a) Variation of the h-parameters of a germanium transistor with junction 
temperature; (b) variation of the A-parameters of a silicon transistor with junction 
temperature, 
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Variation of Parameters with Temperature. To some extent each of the 
parameters of any transistor equivalent circuit exhibits temperature sensi- 
tivity. When the internal or junction temperature varies over a considerable 


1.2 
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TO VALUE AT 25°C 


Fig. 4-14. Variation of the T-parameters 
of a germanium transistor with junction 
temperature. 


range, definite steps must be taken 
to compensate a circuit for changes 
in these parameter values. 

As can be seen from examination 
of Fig. 4-18, variations in the param- 
eters of a typical silicon transistor 
generally follow the same pattern as 
those of the typical germanium tran- 
sistor. The h;, and h,, parameters 
for the silicon transistor exhibit their 
greatest sensitivity at temperatures 
where germanium cannot operate. 

A typical family of curves showing 
variations in the TJ-parameters is 


shown in Fig. 4-14. The major re- 
duction that occurs in r, can be extremely unwelcome. Likewise variations 
in the other parameters present problems to gain stability and tend to alter 
input and output impedances. To overcome the effects of temperature vari- 
ations on parameters, feedback networks and compensating circuitry are 
often employed. 

Variation of Parameters with Operating Point. The parameters of the 
transistor are sensitive to biasing conditions. The quiescent collector-to- 
base voltage and the quiescent emitter current each account for specific 
factors that alter the nominal values of the parameters. Nominal parameter 
values for low-power transistors are most often given for operation at Iz = 
1 ma and Veg = 5 volts; should the application require operation at a dif- 
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Fig. 4-15. Variation of the h-parameters with emitter current for a typical transistor, 
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ferent point (as it most often does), the nominal parameter values should be 
multiplied by the manufacturer’s correction factors. Typical correction in- 
formation is shown in Figs. 4-15 and 4-16. It is standard procedure for a 
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Fig. 4-16. Variation of the h-parameters with collector voltage for a typical transistor. 


manufacturer to provide graphs indicating the variation of the parameters 
of each transistor type. 


Example. For the transistor whose parameter variations are shown in 
Figs. 4-15 and 4-16, determine h,, at Veg = 10 volts and Iz = 0.5 ma. 
Nominal hy, is 0.5 micromho. 

From the Ig curve at 0.5 ma, the h,, multiplication factor is 0.65. From 
the Veg curve at 10 volts, the h,, multiplication factor is 1.5. Therefore at 
the specified operating point 


hon = (0.5)(0.65)(1.5) = 0.49 micromho. 


Effect of Manufacturing Tolerances. A most troublesome variation in pa- 
rameters occurs because of production tolerances. The spread in possible 
values for the parameters of a single transistor type when it leaves the manu- 
fucturers is illustrated by the typical numbers quoted below: 


Parameter Minimum Design Center Maximum 
hi» in ohms 30 40 90 
hop in micromhos 0.1 0.4 1.5 
hyp 50(10~°) 500(10~) 1500(10 ~§) 
hyp —0.97 —0.98 —1.0 


While for any particular sample it is unlikely that all parameters will be 
at their maximum or at their minimum values, nevertheless the circuit de- 
signer must not exclude this possibility. Thus if we examine the efiect of 
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these production variations upon the operation of a sample amplifying stage, 
greater insight will be possible into the problem of gain stability. 


Example 1. Using the numbers quoted above, calculate the power gain of 
a common-emitter stage for the design center and the two extremes. The 
stage is feeding a 20,000-ohm load. 
From Eq. (4-54) 
Rylhivhos + hyo! 


= [hoo(hio + Rx) + (1 + Ayo) [hiv + Rrhov) — hyohjoRi) 
With design center parameters, 
G = 13.7 X 10%, or 41.4 db. 
With minimum parameters, 
G = 19.0 X 10%, or 42.8 db. 
With maximum parameters, 
G = 5.4 X 10, or 37.3 db. 





It is easy to see that a very large gain spread is possible. For most appli- 
cations, it would be foolhardy to fail to include stabilizing feedback. 


Example 2. Consider the effects of operation at —50°C upon the stage 
of Example 1. 

We must correct the parameters for such low-temperature operation. 
Under the assumption that Fig. 4-13a applies to this transistor, the correction 
factors are: 

for hip, 0.9 for hos, 1.2 
for hr, 0.7 for 1 + hyo; 2.3 


The corrected parameters, when Eq. (4-54) is employed, result in less spread. 
With design center parameters, 


G = 7.6 X 10°, or 38.8 db. 
With minimum parameters, 

G = 8.8 X 10%, or 39.4 db. 
With maximum parameters, 


G = 5.3 X 103, or 37.2 db. 


There appears to be a general tendency among manufactured units for hi» 
and h,» to be high when hy» is high and for h,» to decrease with increasing 
hyp; however, in some types ho» increases with hyp. It may be concluded, then, 
that the use of general rules relating these quantities may be unwise, and that 
in examining gain variation due to manufacturing tolerances it may be ad- 
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vantageous to include all possible extremes. From study of the power-gain 
equation for the common-emitter stage, hy, appears squared in the numerator 
and for high gain a large value of that parameter is necessary; the major effects 
of hj, hos, and h,, are in the denominator; for high gain these three parameters 
must have a low value. If a selection is made from the previous list of those 
parameters that would result in maximum gain, 


hib = 30 ohms, 
ho» = 0.1 micromho, 
hr» = 50 X 1078, 


hyp = —1.0, 
and thus’ 
@ = 323 X 10°. 
The parameters that would result in a mintmum gain are 
hip = 90 ohms, 


ho» = 1.5 micromhos, 
h,» = 1500 X 107%, 


hyp = —0.97, 
and therefore 


G = 2.6 X< 10°. 


Better than a 100:1 gain spread is possible because of the effects of manu- 
facturing tolerances. 

4-6. Comparison of Configurations. It was stated earlier that the common- 
emitter configuration is the most widely accepted and that emphasis would 
be placed upon that type of connection; this emphasis was apparent in the 
chapter devoted to biasing. It is natural to question the reasons behind the 
popularity of common-emitter circuitry, so a comparison of the configurations 
is in order. 

The three configurations have been compared and the results depicted in 
igs. 4-17 through 4-21. Typical parameter values of 


hip = 50 ohms, 
hy = 5 X 1074, 
hyp = —0.98, 


hop = 1 micromho 


were used in the equations previously derived for Ay, A;, G, R;, and R,, and 
expected performance calculated. Load resistance was considered to be the 
independent variable except for the calculation of transistor output resistance. 
Output resistance depends upon the source and is not a function of load, 
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Fig. 4-17. Typical variation of voltage gain with load resistance. 


Voltage Gain. The common-emitter and the common-base configurations 
provide essentially the same voltage gain, as evidenced by the curves of Fig. 
4-17. A common-collector stage will never exhibit voltage gain greater than 
unity. It remains near unity for most high values of load resistance. 

Current Gain. The common-emitter and common-collector configurations 
exhibit similar current-gain curves; they generally drop off for higher values 
of load resistance. These variations are depicted in Fig. 4-18. The common- 
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Fig. 4-18. Typical variation of current gain with load resistance, 
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Fig. 4-19. Typical variation of power gain with load resistance. 


base configuration is incapable of current amplification above the value of 
hyp (—a). 

Power Gain. Multiplication of the current gain and the voltage gain for 
each connection results in the power gain curves of Fig. 4-19. Since the 
common-emitter stage shows the greatest power gain for all values of load 
resistance, it is most frequently used. 
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Vig. 4-20. Typical variation of input resistance with load resistance, 
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SOURCE RESISTANCE, R,IN OHMS 
Fig. 4-21. Typical variation of output resistance with source resistance. 


Input Resistance. The curves of Fig. 4-20 depict input resistance for the 
various configurations. The highest resistance is presented by the common- 
collector circuit although the common-emitter circuit with unbypassed re- 
sistance between emitter terminal and ground would present higher input 
resistances than shown in the figure. The curves, it must be remembered, 
apply only to the transistor under consideration; alteration of the circuit by 
feedback or otherwise will alter the values of gain and resistance presented in 
the curves. 

Output Resistance. Output resistance is not a function of Ry, but rather 
depends upon R,; consequently Fig. 4-21 presents R, versus R,. The com- 
mon-emitter connection yields intermediate values of output resistance and 
its variations are not too extreme for most applications. 

4-7. Stabilization of Gain. The effects of temperature extremes and manu- 
facturing tolerances upon the gain of a transistor stage were evident in the 
sample calculations of Section 4-5. Greater than a 100:1 spread in gain 
resulted; and a greater spread is possible with parameters of a different 
transistor type or other temperature extremes. Gain calculations for a multi- 
stage amplifier will tend to show an even greater degree of lack of predicta- 
bility. The problem is one of making the gain of constructed amplifiers 
similar to that calculated by the designer using nominal parameter values. 

Use of degenerative local feedback provides a partial solution to the re- 
peatability problem. The gain of a stage is reduced when using feedback, but 
gain spread is also reduced. 

For the common-emitter configuration, local feedback can take on two 
forms: an unbypassed resistor in series with the emitter terminal, or a resistor 
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—Epp —Ecc 





Fig. 4-22. Local feedback for gain stabilization: (a) location of R, and Y, in a physical 
circuit; (b) equivalent for (a) from Fig. 4-10. 


between collector and base terminals. Occasionally both are employed in the 
same circuit. Consider the circuit and equivalent shown in Fig. 4-22. The 
emitter resistance R, can be thought of as swamping variations in h;»; the 
collector-to-base admittance Y, is bypassing h,» by providing a lower resistance 
path. (The capacitor Cy blocks d-c to keep from altering the original biasing 
of the stage.) 

Since R, and Y, are respectively in series and parallel with h;, and ho» these 
elements can be easily incorporated into the formulas for operation; here the 
approximate formulas of Table 4-6 are modified: 











a hyp Rt 
eee Rll Rida 4 YL ey) 
= hge 
"hoo + YeRt + (1 + hy) a 
—_ hy Rr, 
Gent hist Wier ea 
bee (hin + Re)[1 + Rr(hon + Y-)] 
Rhee ab + he ne 
hiv + Re + Re(1 + hyo) 
o (4-73) 


a (hoo # Y.)(hin + Re + Rg) — heohyo 


For examples of the effects of this local feedback upon circuit operation, 
the reader is referred to Chapters 5 and 7. A more complete treatment of 
feedback theory is reserved for Chapter 8. 
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4-8. Gain Considerations. Thus far in the chapter the voltage amplifica- 
tion of a simple transistor stage has been defined by the ratio of the voltage 
at the collector terminal to the voltage at the base terminal. This definition 
gives a valid picture of the contribution of the transistor to overall voltage 
gain, but the circuit designer is sometimes more concerned with the ratio of 
load voltage to source voltage. In a like manner, concern may be centered 
about the ratio of load current to source current rather than gain as given by 
the preceding gain expressions, which involve collector current and base 
current. 

If a transistor is being fed from a source with high internal resistance com- 
pared to its input resistance, as is true in the circuit of Fig. 4-23a, the voltage 


Source 
Terminal 
+! 






Rs=10K 





(a) 


Fig. 4-23. Diagrams for sample gain calculations. 


available at its base, based upon the numbers indicated in the diagram, is 
R; E 8 
ee eae 
A considerable attenuation is evident. In the figure all of the current leaving 
the source enters the transistor base (base-biasing resistance is assumed large 
compared with R,). The efficiency of the circuit under discussion is of course 
related to the maximum-power-transfer theorem; matching of resistance levels 
is necessary for optimum performance. 
If the method of base bias is as shown in Fig. 4—23b, a greater power loss is 
evident. The signal voltage at the base is 


RiRo/(Ri + Re) E, 


1 





R, + RiRo/(Ri+ Re) ° 16 


and the base current is 





Re 
R;+ Re 
In a like fashion loss of signal can occur in the collector-load circuit, and 
in the next section examples are given. Certainly from this brief discussion 
it can be seen that the amplification required from a circuit must be clearly 
defined, and that the loss of gain due to passive circuit elements warrants 
attention, 


2 
I, = —I;. 
3 
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Other power gain expressions have evolved and are used in the literature 
to measure how efficiently a transistor stage fits into a network containing a 
specific signal source and a specific load. 

The ratio of actual power delivered to a load to power available from the 
signal generator is known as transducer gain. Available power, or the maxi- 
mum power the source is capable of supplying, depends upon impedance 
matching. Under conditions where the source (£,) sees a load equal to 
its internal resistance (R,), then 


2 
8 


Pavail = 4R. (4-74) 
and the transducer gain (G;) is : 


Po E,?/Rr 
Prat Ee/4Ry 
With the substitutions that P, = I,?Rz, and E, = I,(R, + R,), 

4I*RiRe 
~ «TPR, + Ri? 
4A?7R,R, 

~ (Ry + Ri? 
Equation (4-76b) may be useful when comparing several amplifiers in a cir- 
cuit with fixed generator resistance. 

Available power gain (Gq) is defined as the ratio of power available from 


the transistor to power available from the signal source. Available power 
depends upon output matching, and 


Eng /4Re Bo’ Rs 
“"EZ/4R, EeRy- 


where E,. is the-open-circuit or no-load output voltage and R, is the output 
resistance. 

If both the input and output of the transistor are matched, maximum 
available gain (MAG) will result. Under these conditions, for a specific tran- 
sistor, no greater power amplification can occur. 

IER, Be Rt 
TPR, By Re 
fork, = R,and R, = R;. To achieve this optimum of operation, impedance- 
matching devices may have to be employed. This is generally not done at 
wudio frequencies for the cost of such devices (transformers) may prohibit 
the achievement of optimum performance in certain applications, and the low 
cost of transistors may dictate that an additional stage is less costly. Every 


G, = 








(4-75) 


(4—76a) 


t 


or 


(4-76b) 


t 





(4-77) 


MAG = 





(4-78) 
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transistor type has an MAG; this gain is independent of the actual load or 
source, although matching is assumed. 

Other expressions for the power gains discussed here are given in Problems 
4-29, 4-30, and 4-31. 


Example. A source with an open-circuit voltage of 1 mv and an internal 
resistance of 1000 ohms supplies a transistor with input resistance of 500 
ohms and G = 10,000. Find G;. 


EZR; (10-)2(500) 
(R, +R)? (1000 + 500) 
|, = PG = (0.222 x 107%)(10*) = 2.22 x 10-* w 
EZ (107 
4R,  4(1000) 

Po 992% 10° 
Payal 0.25 X 10~® 





P; = = 0.222 x 10-° w 


= 0.250 X 107° w. 








Payvail = 
Then 


G, = = 8880 


The transducer gain and the power gain are nearly equal, indicating a fairly 
efficient input circuit. If R; = Rs, then G = G;. 
4-9, Examples of Single-Stage Calculations 


Example 1. It is desired to analyze the circuit of Fig. 4-24 to determine 
A,, A;, and G of the transistor stage and to determine the operating point. 


-Ecc 





R, 
eg 
i +Epe 
(a) (b) (c) 
R,=600 ohms Rioaa= 10K ohms Cy =10 uf Exe =+2 volts 
R,=10K ohms f =800 cps Cc =10 uf Ecc =—20 volts 
R,=2K ohms T,, =600:1000 ohms Temp.=25° C ° 


Fig. 4-24. Analysis of single-stage amplifier, Example 1: (a) complete circuit; (b) d-e 
portion; (¢) a-¢ portion, 
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A good starting point is investigation of the operating point; this means 
solving the d-c circuit. Since the base terminal is essentially at ground po- 
tential (transformer secondary resistance assumed negligible) and since the 
emitter-to-base potential drop can be considered negligible, it can be con- 
cluded that the emitter terminal is also at d-c ground, and 


Err 2 
E=— = — > = 1 ma. 
Ry 2K 
Ic & Ig; therefore Ic = 1 ma, and the drop across R, is 


IcR, = (1 X 107*)(10 X 10%) = 10 volts. 
Therefore 
Ver = Ecco — IcR. = 20 — 10 = 10 volts. 


Thus the operating point is defined by 
Ic =1ma and Veg = 10 volts. 


To obtain the a-c parameters, we can make use of the design-center values 
tabulated for the 2N43: 

hib = 29 ohms Nye = 42 : 

hy = 5X 10-4 hoy = 0.8 micromho. 


No correction is needed for emitter current; however, at 10 volts the following 
correction factors must be used: 


for hye, 1.1; for hrs, 0.75; for hos, 0.75; for hyp, 1. 
Therefore the corrected parameters are 
hi,» = 29 ohms hye = 46 
hrp = 3.75 X 107+ ho» = 0.6 micromho 
hyp = —0.979. 


The a-c load (Rx) upon the stage is R, in parallel with Ricaa (when C, is 
large enough for its reactance to be negligible). Thus Ry = 5K ohms. 
Operation of the circuit is calculated from the approximate formulas of Table 
4-6: 


hppR 
»= eee = 169, 
hio(1 + hoskx) 
h 
cd 40.8, 


a tthe red tia 
hooky + (1 + hyo) 
G = A,A; = 6900, or 38.4 db. 
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The gain calculations pertain only to the transistor; to include the entire 
circuit we observe that not all of the alternating collector current flows to 
Rioaa; in fact only one half of 7, gets to the required resistor. All of the 
alternating collector voltage is available at Rioaa; therefore the actual figures 


sa A, = 169 
A; = 20.4 
G = 3450, or 35.4 db. 


These figures do not include the performance of the coupling transformer. 
Since Rioaa is known and cannot be changed, and since the degree of mis- 
match is unimportant in this example, it is unnecessary to calculate R, of 
the stage. Should the calculation be made, R, must be reflected into the 
base circuit by consideration of the transformer turns ratio. Calculating R; 
is also unnecessary except as a check of the suitability of the coupling trans- 
former. 

Further information could be gleaned by graphical methods. Plotting of 
d-c and a-c load lines and observations of their limits could indicate the 
maximum possible Class-A output voltage, current, and power, and yield 
information concerning overload capacity and distortion. Frequency re- 
sponse could also be determined; these topics will be discussed in Chapter 5. 


Example 2. Analyze the circuit of Fig. 4-25 to determine A,, A;, and G. 
Again starting by investigating the d-c circuit paths we notice that A, is 


Ecc —Ecc 





R, 





2N43 
Co 
Ry 
Ry 
(a) (b) (c) 
R,=600 ohms Rjoga=5K ohms R.4=500K ohms Ecc =—10 volts 
R,=5K ohms f =800 cps Cc =10 uf Temp.=25° C 
R,=220 ohms R,=1 megchm C.4=0.05 yf 


Fig. 4-25. Analysis of single-stage amplifier, Example 2: (a) complete circuit; (b) d-c | 


portion; (c) a-e portion. 
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rather small; consequently IR, will be small, so that the base potential will 
differ from ground potential by less than one volt. If we consider the base 
to be at ground potential, then 


If a d-c load line starting at —10 volts is drawn on the output characteristics 
of the 2N48 transistor and the slope of that line made equal to —1/R, or, in 
this instance, approximately —1/5 K, then Ig of 10 wa corresponds to an 
operating point at 


Io&10ma and Vcr & 5 volts. 


The published nominal parameters need not be corrected for this operating 
point. However there is series emitter resistance and collector-to-base shunt- 
ing admittance, so the gain formulas must be modified to include the effects 
of this local feedback. The a-c load on this stage is 2.5 K, the resistance of 
the parallel combination of R, and Rioaa. 





a hyp Ry Gigs 
"to + RD)L+ hoo + YR 
h 
; = 32.5, 





* Bidia Yo ee) 
G = A,A; = 318, or 25.0 db. 


One half of the collector current reaches Rjoaa; therefore, the actual figures 
for the stage are 


Ay = 98, 
A; = 16.25, 
G = 159, or 22.0 db. 


There is essentially no power loss in the base circuit. By utilizing the a-c 
load-line techniques to be explained in Chapter 5 we could also obtain other 
information concerning this circuit. 


4-10. Instantaneous Analysis. Often it is desirable to analyze circuit 
operation by assuming that instantaneous signals of certain polarities are 
introduced at a circuit input for the purpose of determining the resulting 
changes in voltages and currents at some other place in a composite circuit. 
A technique of this type is often utilized for vacuum-tube circuit analysis, 
and an extension of the method to transistors is desirable. 

Consider the p-n-p transistor shown in Fig, 4-26a. The directions of nor- 
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mal d-c currents and potentials are shown on the diagram. Collector char- 
acteristics for the transistor, Fig. 4—26b, include the load line and the operat- 
ing point. The load line is determined by R, and Ry in series, and applies 
to both d-c and a-c analyses. , is included in the diagram for completeness. 

Let us now introduce an a-c source at the input terminals of the network, 
and assume that terminal A of that source is, at the moment of inspection, 
more positive than terminal B (Fig. 4-26c). The source will thus attempt to 
cause a current 7, to flow into the transistor base, or in other words, the source 






Jpincreasing 


Vor 





t = more 
a positive 


(d) 





Fig. 4-26. Instantaneous analysis. 


will reduce the instantaneous value of base current. Turning our attention 
back to (b) of the figure we may note that a reduction in base current causes 
a corresponding reduction in the magnitude of collector current and a corre- 
sponding increase in the magnitude of the collector-emitter voltage. Emitter 
current likewise will be reduced. 

Now examine the altered circuit potentials. The voltage from D to C of 
Fig. 4-26c was, in the absence of signal, equal to (—Ecc + IcRz). The 
positive-going base signal has, as described above, reduced collector current. 
Therefore the D to C potential (—Ecc + IcRz) is now more negative be- 
cause of that reduction. It can easily be seen that a phase reversal has 
occurred, because a positive-going input has resulted in a more negative- 
going output. 

A corresponding reduction in emitter current will result when conditions 
are as described above, and this, for a circuit with resistance in the emitter 
lead, will cause the drop across R; to decrease, and the emitter terminal will 
become more positive. 

Now suppose that we adopt a shorthand notation to specify the operation 
discussed here, Using an arrow pointed upward to indicate a potential that 
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is instantaneously becoming more positive, it is possible to draw Fig. 4-26d. 
This figure shows that when the base is subjected to a positive-going signal, 
the collector potential becomes more negative. The emitter potential is now 
more positive than previously if an emitter resistance is included in the cir- 
cuit. The effects of an unbypassed emitter resistance such as R, in the dia- 
gram may be clearly understood. The assumed input signal has increased 
the emitter potential, allowing a reduced signal from base-to-emitter, an 
indication of negative feedback. 

Some may prefer analyzing transistor circuits currentwise. Base current 
instantaneously flowing toward the base (reducing the normal bias current) 
causes a reduced collector current, or one that is instantaneously flowing 
toward the collector, and an emitter current away from the emitter terminal. 
Of course in all cases these a-c excursions are superimposed upon the normal 
direct currents. It is possible to extend this type of reasoning to other con- 
figurations and naturally to the n-p-n unit. It is suggested that the reader 
work out a system of analysis that he finds most satisfactory to explain the 
operation. 

4-11. Summary. The transistor has been described by several equivalent 
circuits, the parameters of which have been briefly discussed, and the im- 
portance of the topics of Chapters 1 and 3 have been brought to light in the 
analysis of simple single-stage circuits. The ties between semiconductor 
physics and the subject of parameter values and variations have not been 
thoroughly covered here. Such relationships are available in the more ad- 
vanced texts,!® 1 

The reader may feel that the transistor is a vastly complex and unpre- 
dictable device after having been informed of parameter corrections and 
variations that abound at every turn. Certainly the device is complex, but 
successful circuits are not extremely difficult to create. The manufacturer’s 
production control is steadily improving and gain spread due to this cause is 
being overcome. Temperature sensitivity is a problem; the solution seems 
(o be dependent upon the individual engineer’s experience with compensating 
circuitry. Feedback, the subject of Chapter 8, is an important remedy for 
some problems. 

The next hurdle to be met in this transistor study is the design of simple 
single-stage amplifying circuits, and the extension of our knowledge to coupling 
circuits and to operation at the higher audio frequencies. 


PROBLEMS 
4-1. Prove that the power gain of a transistor stage can be expressed as 
G = A,?R1/Ri, 
or as ° 
G = A,R,/Rz,. 
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4-2. Verify Eqs. (4-15), (4-16), (4-17) and (4-18) for the common-base 
orientation. 

4-3. Verify Eq. (4-19) for the common-base orientation. 

4-4. Verify Eqs. (4-20), (4-21), (4-22) and (4-23) for the common-collector 
configuration. 

4-5. Verify Eq. (4-24) for the common-collector configuration. 

4-6. Use the typical values of 7-parameters listed in Sec. 4-2 to calculate 
the voltage gain, current gain, and input resistance of a common-emitter stage 
feeding a 2000-ohm load. Compare the answers obtained from using the 
complete equations with those obtained from the approximate equations of 
Table 4-1. 

4-7. A transistor being operated common-emitter and feeding a 5000-ohm 
load has a = 0.99, ry = 100 ohms, 7, = 2 X 10° ohms and r, = 40 ohms. 
What is the input resistance and voltage amplification at low frequencies? 

4-8. Calculate the current amplification and input and output resistance 
of a simple transistor circuit feeding a 1000-ohm load from a 1000-ohm source. 
B = 50, 7» = 500 ohms, r, = 30 ohms and r, = 10° ohms. Consider the three 
practical configurations. 

4-9. Write the six pairs of black-box equations in matrix form. 

4-10. Draw equivalent circuits for Eqs. (4-26) and Eqs. (4-28). 

4-11. Draw equivalent circuits for Eqs. (4-29) and Eqs. (4-30). 

4-12. Analyze the common-collector circuit with common-base parameters 
shown in the accompanying diagram in order to confirm the gain and re- 
sistance equations which are presented in the table. 


COMMON-COLLECTOR FORMULAS FOR THE h-EQUIVALENT* 














° Ri 
Voltage Gain, A, Jian Bs 
Current Gain, A; : 
1 a hov( hiv + Rr) + (1 + hyp) 
; Ri 
Power Gain, G 
ower Gain, (hin + Ri) [hohe + Rx) + A + hy) 
: hi + Rt 
Input Resistance, R; hob + Rr) + (1 + hp) 
: ha(1 + Rehov) ot R,(1 of hyp) 
Output Resistance, R, 1+ R,hov 








"(1 = hy») factors omitted, 
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Problem 4-12. 


4-13. Confirm the formulas given in Problem 4-12 by using the formulas 
of Table 4-3 and the parameter relations of Table 4-7. 

4-14. Confirm the formulas given in Problem 4-12 by using the formulas 
of Table 4—4 and the parameter relations of Table 4-5. 

4-15. It is desired to investigate the common-collector configuration with 
local feedback from output (emitter) to input (base). Use the h-matrix 
equivalent circuit and derive an expression for current gain in terms of the 
common-base h-parameters and the feedback resistance Rx. 

4-16. A common-base stage couples a low-resistance source to a load of 
50,000 ohms. If hiy = 32 ohms, hyp = —0.96, hry = 2 X 10%, and hoy = 
10~° mho, find the input and output resistance of this transistor, and the 
voltage gain provided by the circuit. 

4-17. Draw a practical circuit and specify all test equipment, switches, 
batteries, etc., for the laboratory measurement of the common-base h-param- 
eters of a low-power transistor at 400 cps. Show how to compute the param- 
eters from meter readings. 

4-18. Consider a 2N43 to be operated common-emitter at the recommended 
point. Calculate the maximum and minimum current gain to be expected. 
‘The load is 10,000 ohms and the temperature is 25° C. 

4-19. What effect will a 40° C rise in ambient temperature have upon the 
operation of the circuit of Problem 4-18? 

4-20. What is the power gain of a 2N344 with h;, = 25 and R, = 2000 
ohms? Calculate the voltage and current gains of this common-emitter cir- 
cuit. 

4-21. For a transistor in the common-base configuration investigate the 
offects of a resistor in the base lead and one from collector-to-emitter. 

4-22. Prove the relationships between h,- and hj. and the common-base 
/-parameters. 

4-23. Prove the relationships between the common-collector and common- 
hase h-parameters. 

4-24. Prove the relationships listed in Table 4-7 that include the 7'-param- 
olers expressed as functions of common-base h-parameters, 
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4-25. For the transistor whose parameter variations are shown in Figs. 
4-15 and 4-16, determine all common-base parameters at Iz = 8 ma and 
Vcr = 2 volts. Nominal values are hj, = 40 ohms, hy, = —0.95, hyo = 
5 X 107* and h,p = 10~° mho. 

4-26. The curves representing power gain versus load resistance each reach 
a maximum at a particular value of load resistance. This value of load re- 
sistance may be determined by differentiating the appropriate gain formulas 
with respect to Rz. Impedance matching thus could describe this effect. 
Impedance matching, however, is not used to any great extent in low-fre- 
quency transistor circuitry because of other considerations such as the wide- 
spread use of R-C coupling, where the difference in magnitude between FR, 
and R; prevents impedance matching. Derive an expression for Ry for maxi- 
mum power gain for the common-emitter configuration in terms of the 
h-parameters. 

4-27. Repeat Problem 4-26 for the common-base configuration. 

4-28. Repeat Problem 4-26 for the common-collector configuration. 

4-29. Prove that, for any configuration, transducer gain may be given by 


4R,R,hy* 
[R,Rtho + Ry + (iho — hh) Rp + hi? 
4-30. Prove that, for any configuration, available gain may be given by 
h7R, 
[(hikt — hyhy) + RghollRy + hid 


4-31. Prove that, for any configuration, maximum available gain may be 
given by 





G, = 





Ga = 


hy? 
[(hiho — Rrhs)”* + (Irslto)*P 

4-32. For the transistor of Problem 4-20, by how much will the circuit 
gains change if an unbypassed emitter resistance of 100 ohms is used? 

4-33. In the calculation of the gains of the circuit of Fig. 4-24, approximate 
formulas were used. Using complete equations, determine the error resulting 
from the use of the approximate relations. 

4-34. Make a listing similar to Table 4-6 for the common-emitter con- 
figuration with feedback resistors R, and Y¢. 
4-35. A transistor with f., = 0.5 mc has the following low-frequency 
h-parameters: hi» = 50 ohms, hr» = 1074, hyoo = —0.98, hon = 2 X 107° 
mho. Express the common-emitter h-parameters in complex form at 10,000 
eps. hyp = hyvo/(1 + 5f/fav), with hyyo the low-frequency or reference value 

of that parameter. 
4-36, Explain how to determine the common-emitter h-parameters graph 
ically, 


MAG = 
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4-37. Very occasionally a tran- 
sistor is employed in the reverse 
common-base configuration. Power Input 
gain of less than unity is thereby 
achieved, so this connection is not 
useful for amplification. Although 
no applications are treated here, 
as an exercise derive the formulas 
for A,, Aj, R;, and R, from the T-equivalent circuit. 

4-38. Use the T-equivalent circuit to investigate the effects of unbypassed 
emitter-lead and base-lead resistance upon circuit gains and resistance levels. 

4-39. The curves of Figs. 4-17 through 4-20 can be approximated by 
straight lines intersecting at “break” values of Rz. Each of the complete 
A,, Aj, G, and R; equations can be put in the form 


Output 


Problem 4-37. 


a + bRi 
c+ dk, 


Breaks in the straight line approximations will occur at Rz = a/b and Ry, = 
c/d. 

(a) From Table 4-6 determine formulas that will predict the breaks in the 
common-emitter performance versus Ry curves. 

(b) Repeat part (a) for the common-base curves. 
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SINGLE-STAGE AMPLIFIER DESIGN 








The designer of a transistor amplifier must have a usable knowledge of the 
information presented in Chapters 1 through 4—the basic definitions, tran- 
sistor-operation theory, biasing ‘echniques, parameter variations, and the 
methods of predicting gain and :ircuit impedances. In addition, he must 
know the specifications for the particular circuit to be designed; those speci- 
fications may take on various forns. For most practical designs information 
of the following types is necessary: 


. Desired gain (voltage, current, or power) 
. Input and output signal evels 

. Carrier frequency and plase-shift or frequency response 
. Input impedance 

. Operating and storage tenperature range 
Load and source characteristics 

. Available supply potentials 

. Cost, weight, and size reyuirements 

. Other environmental conditions 

. Distortion 

11. Life expectancy 


SCOMNOURWNH 


— 


After collection of the pertinent requirements the design may be initiated. 

This chapter is devoted to the design of single-stage, low-power audio and 
control amplifiers. Before procerding with sample designs, we shall discuss 
the choice of a particular transistor, coupling circuitry, a-c load-line analysis, 
and the basic considerations of operation at the higher audio frequencies. 

5-1. Choice of a Transistor. What transistor type should be used for @ 
hi-fi preamplifier, a motor-driving stage, an aircraft installation, a computer, — 
a radio-frequency amplifier, etc.? These questions arise daily. The answers 
to them are available from the manufacturers’ literature and from tests per 
formed by the interested circuit designer. 

All transistor types are classiied by the manufacturer according to the 
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intended application, i.e., audio, intermediate-frequency, oscillator, switching, 
high-power, general-purpose, etc. To narrow the field, we can choose all 
those transistors that pertain to our application. Then a study of circuit 
specifications will allow a choice of semiconductor material and finally the 
particular transistor can be chosen for the job. 

Silicon vs. Germanium. The transistor circuit designer must choose between 
silicon and germanium units for most of his applications. Study of the pecu- 
liarities of each will usually result in certain advantages of one material over 
the other—in general, the choice is obvious for a particular application. 

A major difference between the two materials is the width of their respective 
energy gaps. The larger gap for silicon results in a much lower leakage cur- 
rent (Ico), but often at the expense of greater resistive parameters and a 
lower current-amplification factor. A brief operational comparison is given 
here: 


1. Temperature—Silicon units operate satisfactorily at temperatures of 
175° C or higher, whereas operation with germanium is impossible above a 
junction temperature of about 90 to 100° C. Both types can be operated at 
the low temperatures, —55° C for example. 

2. Cutoff currents—Silicon transistors have leakage currents 100 or more 
times lower than the Ico of comparable germanium units. 

3. Current-amplification factor—Whereas both materials can be used to 
manufacture transistors with high alphas at 25° C, the change of alpha with 
temperature is generally more noticeable in silicon transistors. 

4. Collector voltage—Higher maximum collector-voltage ratings are avail- 
able in present silicon units. 

5, Saturation resistance (2¢s)—Silicon devices may exhibit several hundred 
ohms of collector-to-emitter resistance when in the full ON or saturated con- 
dition. Reg for germanium units is much lower. 

6. Cost—Germanium transistors are available at considerably lower cost 
(1959). 


The Particular Transistor. Hundreds of transistor types are available to 
(he circuit designer just as hundreds of vacuum-tube types are available, and 
i choice must be made; usually this choice must come near the beginning of 
ouch circuit design. 

Choosing the correct transistor involves familiarization with available 
products; knowledge of the relative advantages of silicon and germanium 
Must result in a material decision. After the material has been selected, the 
following items should be considered: 


|, Current-amplification factor—High-, medium-, and low-alpha types are 


— tivailable, 


2, Maximum collector-operating voltage—Ratings range from 3 to 300 
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volts. This rating is sometimes called BV cz, minimum collector-to-emitter 
breakdown voltage at a specific collector current. 

3. Maximum collector-power dissipation—This limitation is usually speci- 
fied at 25° C (77° F). 

4. Maximum junction temperature—When the transistor is operated with 
junction temperature at the specified maximum, the allowable collector-power 
dissipation is zero. Between the limiting junction temperature and 25° C a 
linear relationship usually exists between maximum power dissipation and 
operating temperature. 

5. Maximum collector current. 

6. Alpha cutoff frequency (fa»)—The frequency at which alpha is down to 
0.707 of its reference-frequency value. 

7. Physical size, mounting dimensions. 

8. Cost. 


9. Noise factor—Low-noise transistors are available for special applications. — 


10. Leakage current—Low-leakage units may be selected during manu- 
facture. 


11. Variation of parameters—Types can be compared according to the ~ 
extent of parameter variations due to production tolerances and ambient 


temperature excursions. 


5-2. Coupling. As has been stated, the transistor is capable of voltage and 
current amplification. Should an application require primarily voltage am- 
plification (or power amplification), then, from study of the gain equations 
and the sample graphs of the preceding chapter, the stage must be terminated 
in a high-resistance load. On the other hand, if current amplification is 
primary concern, a low value of load resistance is mandatory. In the vas 
majority of circuits, the general requirement is to raise the signal-power level. 
It is generally desirable to work into high-resistance loads to achieve maxi 
mum power transfer, but often this is impossible because of other consider 
tions, which will be apparent from the discussion of coupling circuitry. 

The joining of a low-frequency stage to its signal source or load can be a 
complished for both vacuum tube and transistor with transformers or 
sistance-capacitance circuitry. The advantages and disadvantages of eae 
method are discussed in the paragraphs to follow. 

Coupling Transformers. It was shown in Chapter 3 that a high level 
operation-point stability is achieved with transformer coupling. This is b 
no means the only advantage of transformers; their ability to transform im: 
pedances is of particular importance. If we consider an ideal transformer, t 
power levels of primary and secondary will be equal, and thus 


Vi, = Velo. (5-1 


The magnetomotive-force equation applies, 
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Ni, = Nols. (5-2) 


N, and Ne denote the number of primary and secondary turns, respectively. 
From Ohm’s Law, 


Vi 

aes (5-8a) 
and 7 
Gosk 

ae? (5-3b) 

Substitution of Eqs. (5-1), (5-2) and (5-3b) into (5-3a) yields 
Zi = (Sy 2 
1 No) 2 (5-4) 


In a practical sense Eq. (5-4) enables the circuit designer to achieve any 
required a-c load on a given transistor by choosing the proper turns ratio of 
the transformer coupling the transistor to a given load. 

‘Tt is true, however, that coupling transformers are by no means ideal. 
lig. 5-la presents the transformer as a complex circuit configuration of re- 





R, R, 
a an 
| 
| 
| 
> we 
N,:N, 
(b) 
I‘ig. 5-1. Transformer equivalent circuits: (a) complete circuit for iron-core trans- 


former; (b) approximation useful at low frequencies. 


nistance, inductance, and capacitance. C, and Cg, represent distributed wind- 
ing capacitances; L; and Le are leakage inductances; R, and Rz are winding 
resistances; R, is representative of core losses. The capacitance Cy, exists 
hetween primary and secondary windings. L, is a measure of primary in- 
(luctance and is of interest when the magnetizing current is studied. The 
( os y ideal portion of an actual transformer is shown by the windings N, and 
i a. 

lor low-frequency use, the equivalent circuit of Fig. 5-la may be approxi- 
mated by the circuit of Fig. 5-1b. Considering each component separately, 
(he following observations may be made: 
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1. The winding resistances R, and Rz must generally be kept low to mini- 
mize losses. The slope of the d-c load line is directly determined by R, for 
transistor collector potential is usually fed through this transformer winding. 
Resistances of typical interstage transformers range from 200 to 1000 ohms 
per winding. 

2. Ly should generally be large. If 27fL, is more than twice the reflected 
load resistance (N,/N2)"Rz, the a-c load line will approach the desired straight 
line. Should L, be small or should Rz be removed, the transistor works into 
a reactive load; operation on the resulting elliptical load line will often damage 
the transistor by causing its ratings to be exceeded. 


As with transformer-coupled vacuum-tube stages, low-frequency response 
falls off because of a decreasing wL,; at the high end of the audio-frequency 
spectrum, resonances within a transformer may cause a response “hump’’; a 
general decrease in response is apparent for frequencies beyond the “hump” 
because of lowered shunt capacitive reactances and increased leakage react- 
ance. 

To specify an interstage transformer, it is common to supply information of 
the following types: 


1. Impedance ratio (or turns ratio) 

2. Maximum a-c power delivered to the primary 

3. Maximum unbalanced direct current in the windings 

4, Minimum primary inductance (at a specified voltage level, frequency, 
and d-c unbalance) 

5. Maximum permissible power loss (or efficiency) 

6. Frequency response 


An efficiency percentage can describe power loss; an insertion-loss factor in 
decibels may be supplied, or voltage regulation can be used as a figure of merit. 


Vso.— Vsr 
Vsr 


Vso and Vg, stand for no-load and full-load secondary voltages respectively. 


Regulation = (5-5) 


Vso can also be used to signify the secondary voltage at full load if no losses — 


are experienced. Since 


Va PR, (5-8) | 


then 


\/ Pook ~ Pay 





Regulation = 
V/ PsrR 
V Pso — V Psr 


V Psp 





— (57a) | 


(5-7b) | 
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Pgo is the no-loss full-load secondary power and Pgr is the actual secondary 
power at full load. If a 3-db loss is to be considered, then Pso = 2Psr, for 
one half of the input power is lost, and 


VIP =v Pap 
Psp . 

0.414, or 41.4%. 

Regulation (2-db loss) = 26%. 

Regulation (1-db loss) = 12%. 


Regulation (3-db loss) = (5-8) 


Similarly 


Interstage transformers are very useful for coupling transistor circuits. A 
high level of circuit efficiency is attainable, and the few components simplify 
circuit design, although transformer disadvantages such as weight, physical 
size, cost, and availability may rule them out in some designs. A 2- to 3-db 
loss can be expected for the average miniature coupling transformer. 

Capacitive Coupling. Because input resistance of common-emitter stages is 
low (500 to 2000 ohms) large coupling capacitors must be employed if accepta- 
ble frequency response is necessary, and if phase shift is not to be excessive 
at the lower frequencies. Advances in the art of capacitor manufacture have 
resulted in high-capacitance, low-voltage electrolytics that have become 
widely adopted by circuit designers. It is commonplace to find 50-microfarad 
capacitors joining stages of a transistor amplifier. 

The circuit shown in Fig. 5—2a and its equivalent in Fig. 5-2b can form the 

—Epp 





Wig. 5-2. Typical input circuit: (a) actual schematic; (b) low-frequency a-c equivalent 
for (a). 


basis for several sample calculations. Should a voltage source of internal re- 
sistance Ry, be driving the stage shown, phase shift could be calculated by 
\tilizing conventional circuit theory. Assume Ry > Rs, and use voltage- 
division principles 
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ree R3R;/(R3 + Ri) _ 
R3R,/(R3 + Ri) + Re — jXe 
The voltage-transfer function is 
Ey, R3k; 
B, RyRy + RyRy + RyR; — JX-(Rs + Ri) 
Phase shift is determined by the complex denominator, and is 
X-(R3 + Ri) 
R3k; + RRs + RR; 
6 is a positive angle, or, stated otherwise, the coupling network provides a 


phase lead of output voltage with respect to the source. 
When the transistor is fed from a previous common-emitter stage, R, could 





(5-9) 





(5-10) 





(5-11) 





6 = tan? 


be represented by R,, and a current generator of I, would parallel it, as de- — 


picted in Fig. 5-3. The necessary coupling capacitor can again be determined 


-E, —E pp 
id E, Ce E, 





(a) (b) 


Fig. 5-3. Typical R-C coupled circuit: (a) actual schematic; (b) low-frequency a-¢ 
equivalent for (a). 


by solving the a-c equivalent circuit. The value of R, is often large compared 
with R,, and Rz large compared with Rg; for simplicity Ro and R» will be 
omitted from the work that follows. The current generator and parallel Re 


can be replaced by an equivalent-voltage source, and, by voltage-division 


principles, 
R3R;/(R3 + Ri) 


E, = (1,R.) ——--—": (5-12) 
a= Ceo) 5. Ratha ai 
It is obvious that 
Ey = T;R;. 


Therefore the resulting current-transfer function is 
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q; R3R, 





— = (5-18) 
I, Rsk, + RR, + R3R; — jX-(R3 + Ri) 
When investigating phase shift, we find that 
X(R R; 
6 = tan7! he Bo (5-14) 





R3R. + Rik, + R3Ri 


The frequency response of a coupling network can be of importance in the 
design of audio amplifiers. For networks of the type shown in Fig. 5-3 for 
which Eq. (5-13) applies approximately, the frequency response will be 3 db 
down (half-power point) when the denominator of Eq. (5-13) has the form 
A + A, or when 


X.(R3 + R;) = R3R. + RR, + R3gRi. 
‘Therefore 
R3 + R; 
2rC(R3R. + Rik, + R3Ri) 


lor accuracy in calculations one must be aware of any assumptions used. 
In the preceding work R, and Re were not to affect the resulting equations; 
however, there are some practical circuits where these parameters are im- 
portant and should be thoroughly investigated. In the preceding work the 
(ransistor’s input impedance was assumed to be resistive (R;). When by- 
passed-emitter resistance is used, input impedance will be sensitive to fre- 
quency, and low-frequency response thus limited. This condition warrants 
atudy. 

Consider that the emitter of the second transistor in the circuit of Fig. 5-3 
is connected to ground through R; bypassed by C;. The circuit load can no 
longer be represented by R; alone, but must also include R; and C;. An ex- 
pression for the input impedance of the transistor is 


[8 + 1]Ry 
1 + joC RP, 





fab = (5-15) 


Z,2=Ri+ (5-16) 
If the effects of the coupling capacitor are not considered, and our attention 
focussed entirely upon C;, the lower half-power frequency for the circuit in- 
‘luding bypassed emitter resistance is given by 


(6+ 1])R, + Rk; + Rr 
i 5-17 
a a iuihor Re ve 





/'y is the equivalent resistance of the parallel combination of R,, Ro, Re, and 


Ity, Proof of Eqs. (5-16) and (5-17) is left to the reader (Problem 5-12). 


Example, Consider a typical stage having the following characteristics: 
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R; = 1500 ohms R, = 600 ohms 
R,. = 10,000 ohms 
Rz = 10,000 ohms f = 400 cps 


It is desired to find a value for C that will result in a phase shift of 5° or less 
when the transistor is employed in the circuits of Fig. 5-2 and Fig. 5-38. 
For the circuit of Fig. 5-2, Eq. (5-11) can be rearranged to the form 


tan O(R3R; + RRs + R,R:;) 
ct Rs + Ri 





from which 
C = 2.4 uf. 


For the circuit of Fig. 5-3, rearrangement of Eq. (5-14) gives 
tan 6(R3R, + R;R. + R3R;) 
i Rs + R; 





SO 
C = 0.4 uf. 
Any value of capacitance in excess of these values will result in less than a 
5° phase shift. 
If the low-frequency response of the Fig. 5-3 circuit is desired, and a 5-yf 
coupling capacitor used, then the frequency at which the response is 3 db 
down from its mid-frequency value is given by Eq. (5-15): 


fzan = 2.8 cps. 
Suppose that 20 uf is bypassing 1000 ohms in the emitter branch of the load 


transistor, and its current amplification factor is 50. The lower half-power — 


frequency for this circuit is 70 cps according to Eq. (5-17). 


From the numbers cited, emitter bypassing is obviously the limiting area in — 


most low-frequency response studies. 


5-3. High-Frequency Considerations. The parameters of the transistor 
begin to take on complex form at the upper end of the audio-frequency — 
spectrum, and to calculate circuit performance successfully corrections must ~ 


be made to the low-frequency equivalent circuits. 


Collector Capacitance. One of the important considerations is output ca- — 


pacitance. The collector-to-base capacitance in the common-base equivalent, 


C.», parallels the aforementioned conductive ho», and has a nominal value of — 


only 10 to 50 uuf. In the common-emitter orientation the corresponding 


transistor output capacitance with input circuit open is considerably larger; — 


C,» must be multiplied by the (1 + hy») factor and, therefore, 200 to 2000 
puf is to be expected. To maintain a consistent set of symbols, C,. will be 
used to designate collector-to-emitter capacitance in the common-emitter 
configuration, ; 
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C, is not a constant, but is subject to variations due to the same factors 
that caused the T- and h-parameters to vary, namely temperature, emitter 
current, collector potential, frequency, and manufacturing techniques. Typi- 





=1MA 
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or 
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1 5 10 50 100 
COLLECTOR-TO-BASE VOLTAGE 


Fig. 5-4. Variation of collector capacitance with operating point. 


cal variations of this parameter are given in Fig. 5-4. It is customary to 
specify C, at a high frequency, usually not that at which the other parameters 
are specified. 

The common-base and common-emitter equivalent circuits including Co» 
are depicted in Fig. 5-5. To include the effects of collector capacitance in 


hyyte 





Nig. 5-5, Transistor equivalent circuits including collector capacitance: (a) common- 
base; (b) common-emitter (see Fig. 4—10a), 
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the operational formulas of Chapter 4, one needs only to add an admittance 
of jwC oy, to all h,, terms. 

Alpha Variation. C, is not the only factor that results in operational dif- 
ferences at high frequencies. The magnitude of hy», varies with frequency 
according to the relation 

hybo 


~ L4+5(/fa). 


where hy». indicates the reference or low-frequency value of the parameter, 
and f., symbolizes the “alpha cutoff frequency,” the frequency at which the 
magnitude of the current-amplification factor has decreased to 0.707 of its 
low-frequency value. The symbol f,. will be used to represent the ‘“‘beta 
cutoff frequency.” 

The common-emitter short-circuit current-amplification factor hy. varies 
according to 


his (5-18) 


hy eo 


ee STV Ns (5-19) 
1 + j(S/fae) 


hye = 


but Ay. is a function of hy, 





—h 
hye ra ch (5-20) 
1+ hy 
Therefore 
—hyvo/{1 + 5 (F/fa 
hye = heel + 5G ae 
Taree 1 + hyoo/[1 + 9 (F/fav)] 
Simplifying 
hi, 
— 2 (5-21b) 


1 + Agoo + J Cf/fas) 
hye in Eq. (5-21b) will be down by 3 db when 
1 + hypo = f/far; (5-22) 


or at 


Hence 
See = (1 + hsvo)fab: (5-24) 


The (1 + Asso) term has a nominal value of less than 0.1. It may be con- 


cluded that the common-emitter configuration is inferior to common-base 
circuitry when high-frequency operation is considered, for the former con- 
figuration experiences a decline in its current-amplification parameter at a 
much lower frequency. Nevertheless because it is basically a higher-gain 
configuration, common-emitter stages are used in many high-frequency ap- 
plications. 


fet hfe. (5-23) 
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Eq. (5-18), the variation of alpha with frequency, and Eq. (5-19), which 
explains the variation of beta with frequency, are of the same form and 
when graphed can be represented by the same curve. Fig. 5-6 depicts the 
change in magnitude of the amplification factor, expressed as a ratio and 
measured in decibels, versus the denominator term f/f., which is com- 
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Fig. 5-6. 


mon to each of the equations cited. When the abscissa value is the alpha 
cutoff frequency where f/f, is unity, the ordinate corresponding to this 
abscissa is —3 db. A 3-db loss indicates that alpha has diminished to 0.707 
of its mid-frequency value, and also means that the entire stage, if approxi- 
mations may be used, has suffered a 3-db loss in current gain. 

Operation Prediction. All of the h-parameters are frequency sensitive, and 
therefore should. each be available in complex form, h = A + JB, or their 
frequency function should be available, h = f(w), the gain and impedance 
equations of Chapter 4 could be utilized for performance calculations. It is 
not usual for such complete information to be available, but some idea of 
performance can be derived from the inclusion of alpha variation and collector 











H 
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capacitance in the equations, The equations are somewhat unwieldy, even 
when only these two corrections are made, but they will be used to gain some 
insight into performance at the higher frequencies. The hybrid-z equivalent 
circuit, introduced in Chapter 9, lends itself to quick calculations more readily 
than the h-equivalent and will be used for further studies. 

At the present we are restricted to the audio-frequency range, and for sim- 
plicity shall consider low-resistance loads (less than 5000 ohms) exclusively, 
for high-resistance circuits have the further disadvantage that wiring and 
stray capacitances are then important, and performance deteriorates as fre- 
quency rises. Actually any parallel capacitance will serve to reduce both 
voltage and current circuit gains. In the circuit of Fig. 5-7a a current source, 


Ro 


IQ) R c rR E, c Rr £, 


(a) (b) 
Fig. 5-7. R-C circuits under study. 
I,, with parallel resistance, R,, is feeding a parallel R-C load; the amount 


of the current J, that reaches R at any frequency can be determined easily 
by a summation of currents at the significant node. Therefore 


i Ry 
2 = (5-25) 
I, R+R,+ joCRR 


The resistive-load current decreases by 3 db when 
wlRr = 1, 
where Rr is the equivalent resistance of all parallel resistive elements 


[Rr = RR/(R + R,)). 
Hence 
1 


2rCRr 





fsab = (5-26) 


Should an equivalent voltage source be substituted to arrive at the circuit 
form of Fig. 5-7b, 
L, R 


padi AN aT iF UAL (5-27) 
Eo R + Ro + joCRR 
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and 
1 


as 5-28 
2rCRr ( ) 


fsav = 


with Rr defined as previously. Because Eqs. (5-25) and (5-27) are of the 
general form of Eq. (5-18) the curve of Fig. 5-6 may be used to estimate 
loss due to parallel capacitance. It is necessary to calculate f3 ap and enter 
the curve at any frequency ratio f/f3 a, in order to find the loss due to such 
capacitances. 

Now if frequency variant hy, and capacitance C, are introduced into the 
approximate common-emitter expressions in terms of common-base. param- 
eters, and a low value of Rz is assumed, then current gain is 


Pere hybo 
“1+ hyto + Sf /fab 





(5-29) 


indicating that current gain diminishes rapidly with increasing frequency. 
The input-impedance expression, Eq. (4-55A), becomes 


hill + Rios + joCoo)] 





Z:,= - . (5-30) 
Rr (hop + jwCov) + (1 + hyo) 
Modified for low-resistance loads, Cy has little effect, and 
h; 1 + ] a 
pm Lvl + ifs) ee 


This expression has the same denominator as the current-gain formula, Eq. 
(5-29), so both are diminishing at the same rate. At the beta cutoff frequency, 
I= fav(l + hyvo) and 

hi» / —45° 


4.2 
/2 (1 + hybo) 
An impedance of this form can result from a parallel R-C circuit with R = 


hin/(Q + hyoo) and X. = hy/(1 + hoo) at the specific frequency considered. 
Therefore the effective input capacitance may be approximated by’ 


1 


C; n & ? (5-32) 





Wahid 


when load resistance and C,, are both low-valued. The “Miller effect’’ in 
(transistors, which accounts for an even higher input capacitance, is discussed 
in Chapter 9. 





128 TRANSISTOR CIRCUIT ANALYSIS AND DESIGN 





Voltage gain for the transistor alone is given by the Eq. (4-52), or by 


ZL 
A,=A;—: (5-33) 
7, 


7 


Combining Eqs. (5-29), (5-31), and (5-33) yields 





Pee hybo Rr + yoo + If/fad) 
"Lb hypvo + af/far hio(l + df/far) 
hyvoltt 


=. (5-34) 
hio(l + if/far) 


This equation, for common-emitter circuitry, shows only slight variation of 
voltage gain with frequency when compared with the current-gain and input- 
impedance expressions. 

Should the output resistance formula, Eq. (4-56), be altered to include 
C.» and hy», then from study of the equation at a usable frequency, say the 
beta cutoff frequency, it can be shown that output capacitance is small, and 
is dependent upon C,». In fact, output capacitance is more nearly of the 
magnitude of C,, than C,., even for high source resistance. 

From studies of this sort, some general conclusions may be drawn: 


1. Input impedance of a junction transistor is highly dependent upon sig- 
nal frequency, for the transistor looks, to its signal source, like a parallel 
R-C circuit. 

2. Voltage gain of the transistor itself is fairly independent of frequency, 
but the gain of an entire circuit will deteriorate at low frequencies because of 
drops across coupling capacitors, and at high frequencies shunting capacitance 
and the circuit-source resistance (in series with Z;) will effectively reduce gain. 

3. Current gain is dictated by fae, and will consequently fall off because of 
that phenomenon. At very low frequencies, bypass and coupling capacitors 
will not be efficient in their function and currents will find easier paths through 
biasing resistances and collector-return resistance; lowered overall circuit cur- 
rent gain results. 

4. Output impedance will tend to be reduced as signal frequencies rise, and 
output capacitance will generally be a contributor but not the prime factor 
in limiting high-frequency response. 


We are now able to summarize transistor operation for the audio-frequency 
range by making use of the discussion of the preceding sections. Examination 
of Fig. 5-8 indicates that the audio band could conveniently be separated into 
three frequency ranges, the low-, mid-, and high-audio ranges. The gain 
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falloff at low frequencies with transformer coupling is due to primary in- 
ductance; with R-C coupling the increased reactance of the blocking capacitors 
is to blame. At the high end of the audio band, loss of gain in transformer- 
coupled stages is primarily due to leakage inductance, its increased reactance 
is in series with the load. For both R-C and transformer-coupled stages, 
stray capacitances and alpha reduction cause a decrease in delivered signal at 
the higher frequencies. 

At this point in the text no specific method will be advanced for the pre- 
diction of high-frequency operation. Naturally a transistor with a high fa, 


Power 
gain 


‘Low Mid High 


Frequency 


‘ig. 5-8. Separation of the audio spectrum into three convenient ranges and typical 
amplifier response. 


will behave better than one with a low value of that parameter, circuits with 
high load and source resistances will tend to perform more poorly than low- 
resistance circuits, but in general transistor operation in the audio-frequency 
range is very satisfactory. 

5-4. Load Lines. Every amplifying stage sees two different loads—one a 
load presented to its d-c output, and the other the load presented to the a-c 
component of its output. In Chapter 3 rules were presented for drawing a 
d-c load line on the output characteristics curve. Summation of all the re- 
sistance in the emitter-to-collector circuit dictates the slope of the line; the 
line originates at Eco + Eze and terminates at (Hoc + Exz)/2R. The 
quiescent or operating point is established by circuitry that provides a con- 
stant base or collector current. 

The a-c load on a stage can be established by summing the impedance of 
all the a-c circuit elements in the emitter-to-collector circuit. This task is 
usually simplified by considering that all by-pass and coupling capacitors are 
short circuits to an a-c signal. 

To illustrate the handling of loads and the drawing of load lines, consider 
the cireuit of Fig. 5-9. The d-c loading is comprised of the series combination 
of Ry, R, and R,. The a-c load is R, plus the parallel combination of R., Re 
and FR, of the second stage. 




















| 
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Fig. 5-9. Circuit for text example. 


If the parameters of the circiit of Fig. 5-9 are 
R, = 220 ohms Rk, = 10 K ohms 
R, = 2.2 K ohms k; = 10 K ohms, 


the d-c load line has a slope shat is the negative reciprocal of 220 + 2.2 K 
+ 10 K, or 12,420 ohms, and tae slope of a-c line is the negative reciprocal of 
1 
1/DK+1/100K+1/10K 
or 4800 ohms. A-c load lines must pass through the Q point and are not 


established by axes intersectiors. 
In Fig. 5-10, d-c and a-c load lines are drawn on an output characteristics 


Rz = 120 K ohms 


220 + 








Tr Tpq Ing Ing 

COLLECTOR-TO-EMITTIR VOLTAGE BASE CURRENT 

Fig. 5-10. D-c and a-c load lires on output characteristics, and construction of 
’ dyname transfer characteristic, 
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curve. After the d-c line linking Ecce and Ecc/Ra-- is positioned and the Q 
point located, the a-c line may be drawn through Q with the appropriate 
slope. For some purposes a dynamic transfer characteristic is valuable. 
Projection of the points of intersection of the a-c load line and lines of con- 
stant base current to an Ic¢-Iz curve is easily accomplished. From the transfer 
characteristic linearity of operation is easily studied, and operating point 
suitability therefore clearly established. The characteristic is said to be 
dynamic for it is derived from the load line and does not assume a constant 
collector potential. A static characteristic at potential EZ, is also shown in 
the figure. 

5-5. Design of Single-Stage Low-Power Amplifiers. As stated earlier in 
this chapter, it must be assumed that certain specifications are known con- 
cerning any circuit to be designed; usually the value of the load is specified, 
often the available supply voltages are obtainable, and the required power or 
voltage gain is known. In this last regard, some information must be avail- 
able pertaining to the transducer or signal-source output; transistor stages 
can exhibit input impedances of from tens of ohms to hundreds of thousands 
of ohms and it is important that the degree of loading of the transducer be 
considered or impedance matching be considered, or in some way a specifica- 
tion of input impedance be made. Of particular value is the output equiva- 
lent circuit of the signal source, whether it be a microphone, synchro, or other 
element. This equivalent can take the form of a voltage generator in series 
with a source impedance (often resistive), according to Thévenin’s Theorem. 

For the transistor, high input impedance always rules out high power gain. 
A high input impedance can be obtained from the emitter-follower connection 
or from the common-emitter connection with large unbypassed-emitter re- 
sistance. This latter method is widely accepted. It must be borne in mind 
that the input impedance of a particular stage is reduced by base-bias schemes. 
Fixed-biasing, single-battery biasing, emitter-biasing and self-biasing tend to 
reduce input impedance by paralleling the transistor input with resistive ele- 
ments. For maximum input impedance emitter-biasing with transformer 
coupling or cutoff-biasing present the most satisfactory circuitry. 

The usual design procedure, for a common-emitter stage, is to specify the 
input resistance required and solve the input resistance equation for h,». The 
hi, term includes all unbypassed-emitter resistance. The gain of that stage 
must be considered to be of importance secondary to R;. 


High-Impedance Circuit Design Example 
Object. Design a low-power transistor stage with an input resistance of 


200,000 ohms. The transistor to be used has parameter values of 
hiy = 50 ohms hop = 2 X 107° mho 


hyp = 10 X 1074 hyy = —0.97 
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The load to be fed is 10,000 ohms. Consider that corrections have been made 
to the parameters because of temperature and operating point, and use a 
common-emitter stage with emitter biasing. Base current may flow through 
the source, which is of fairly low d-c resistance. Consider signal levels to be 
extremely small. 

Solution. This problem has been simplified to the point where it is only 
necessary to calculate the required value of hi, + R, and to determine the 
resulting gain. From the expression for input resistance, Eq. (4—55) modified 
to include R,, 

Ri(hooRyt + 1 + hyo) + hrohs oR 
1+ Aov(Ri — Ri) 
16,150 ohms, 


R,. = 16,100 ohms. 


hy» + Re = 





and 


The power gain to be expected will be checked using the approximate formula 
G hye?’ Rr 
(hip + Re)(1 + Rrhos)(Rrhow + 1 + hyo) 
= 11.4, 





which is very low, but it must be remembered that the primary concern in 
this design is to achieve a high input impedance. 


R-C Amplifier Design Example 
Object. Design a transistor amplifying stage to meet the following require- 
ments: 


. Frequency response: 40 to 20,000 eps 

. Load resistance: 1000 ohms 

. Input impedance: 500 (minimum) to 2000 (maximum) ohms 

. Power gain: 25 db (minimum) 

. Source characteristics: impedance—2000 ohms (resistive); maximum 
output—10 mv 

6. Temperature: 30 + 5° C 

7. D-c potential available: —15 volts 


oOrRWN He 


Solution. Since a good frequency response is the primary concern, let us 
employ R-C coupling and use the 2N414 transistor, which behaves well 
throughout the audio range. A silicon unit is unnecessary since wide tem- 
perature variations are not expected. 

Single-battery bias will be used because it offers high stability, and the 
circuit selected is shown in Fig. 5-11. We shall choose a tentative operating 
point at Voz = —6 volts and J¢ = 1 ma. No corrections to the nominal 
parameters are necessary at that point. 
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Fig. 5-11. Circuit design example: (a) schematic; (b) equivalent. 


From the manufacturer 


hip = 25 ohms hop = 0.62 umho 
hye = 60 foo = 7 me 
hrp = 0.5 X 1073 Cop = 12 upf 


If we choose R, = 6000 ohms then very little a-c power will be lost in that 
resistor, and R, must then be 3000 ohms to satisfy the d-e collector circuit 
equation 

Eco = IcR. + Ig hy + Ver. 


We can make R3 = 10,000 ohms, and, since we wish J¢ to be 1 ma, Ry 
will be large enough so it will not affect calculations to any great extent. A 
brief check of bias stability is in order. From Eq. (8-16b), the criterion is 

Ry = 10R3(1 ae a). 


In this instance R, = 3 K and 10R3(1 — a) = 1.6 K; therefore the criterion 
is met. 

A few preliminary calculations are necessary in order to obtain the proper 
parameters for use in the various formulas: 


—hy 60 
hyp = ———— = —— = —0,084, 
l+hy 61 
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ReRioaa (6 K)(1 K) 

Pe Bias © Ce LE 

_ RRs (2 K)(10 K) 

Ri, +Rs 2K+10K 

fae =. (1 + Ayo) fav = (0.016)(7) = 112 ke. 

These figures enable us to calculate the operation of the transistor alone: 

_ hyp | 

* hal + Rho) 

is 7 

hooRt + (1+ hy) 

G = (33.8)(59.6) = 2020, 

— hin(l + Rrhov) — hrohyoRr = 1540 ohms, 

Ryhoy + (1 + hyo) 
hin + Rel + hyo) 

~ hoo(hin + Re) — heahye 








Ry, 





= 857 ohms, 





= 1670 ohms, 


g& 


= 33.8, 


Aj = 





59.6, 








oO 


= 33,300 ohms. 


At mid-frequencies, the current entering the transistor base is the following — 


fraction of that which leaves the signal source: 
Rs 
R; + Rg 


In this example 86.5% of the source output gets to the base. Load current — 


is the following fraction of the a-c collector current 
R. 
R, + Risa 


Thus 85.8% of the collector current is available to the load. 

All of the collector voltage is available across the load; however the source 
output is split between R, and the parallel combination of R; and Rs; accord- 
ing to 

R3k;/(R3 + Ri) 
R, + Rgkh,/(R3 + R,) 


which when simplified, equals 





R3R; 
R3R; + R,(Rs + R,) 


For this example, only 40% is across the transistor input terminals, 
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Using the values previously cited, the overall performance at mid-frequen- 
cies is 
Air = (0.865) (0.858) (59.6) = 44.3, 
Ayr = (0.40) (33.8) = 13.5, 
G = (44.3)(18.5) = 600, or 27.8 db. 


Ayr is here defined as the ratio of collector voltage to source voltage E,, and 
Ajr is the ratio of load current to source current. 

The reduction in current gain due to alpha variation at 20,000 cycles is 
read from Fig. 5-6 as less than 0.1 db. Acceptable high-frequency perform- 
ance could have been predicted from knowledge of the fa» and C, of the tran- 
sistor, and from the fact that low load and source resistances were employed. 

When the real portion of the denominator of Eq. (5-10) is set equal to the 
imaginary portion, it will yield the 3-db down point at the low-frequency 
(40 eps) end of the spectrum: 


R3R;+ R.R3 + RR; = X-(Rs + Rj). 


Then 
X, = 3340 ohms, 
and 
1 
= = 1.2 uf. 
2740 (3340) 
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Vig. 5-12, Test data on amplifier similar to text example. 
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A ten-microfarad capacitor would be fine for this application. Similar 
calculations indicate that 10 uf would be acceptable for load coupling and 
100 pf for emitter resistance bypassing; it is to be remembered that all three 
are important at the low frequencies and will contribute to gain fall-off. 

The measured frequency response for an amplifier very similar to this de- 
sign is shown in Fig. 5-12. Operation of the entire circuit is highly dependent 
upon source resistance. 


5-6. Effects of the Operating Point upon Gain. The parameters of the 
transistor are sensitive to operating point, for, as evidenced by the curves and 
discussion of the last chapter, corrections must be made to the nominal pa- 
rameters when operating with collector voltage and emitter current differing 
from the manufacturer’s recommended values. It is true for certain transis- 


tors that astute operation-point selection, when feasible, permits a maximiza- — 
tion of gain, or provides a means for gain adjustment, and in certain instances 


may be useful in meeting the gain specifications for a particular circuit design. 

Let us numerically investigate the variation in performance due to emitter 
quiescent current selection. From the manufacturer’s design center param- 
eters and his correction information, a listing has been made for the 2N43 
transistor. A large variation in hi» is evident from the numbers cited and it 


EMITTER CURRENT IN MILLIAMPERES 





0.1 0.2 0.5 1.0 4.0 7.0 10.0 
hiv 230 120 55 29 9 5.8 4.6 
hep X 1074 3.8 4.2 4.6 5 6.5 7.5 8.0 
hyp —0.966 —0.968 -—0.974  -—0.977 —0.986 —0.988 —0.988— 
hos X 1078 0.32 0.36 0.55 0.80 2.4 3.6 5.0 — 


is to be suspected that this will result in a substantial change in input im-_ 
pedance and voltage gain. Common-emitter current amplification will be | 


affected by the changing (1 + hy») factor. 


With a 1000-ohm load assumed, calculations based upon the parameters — 


listed above serve to predict the performance of a single common-emitter 
stage. The results of such calculations and test results based upon a built-up 
stage are displayed as Fig. 5-13. (A, is here used to signify the load-voltage 
to base-voltage ratio.) It is necessary in such a study to hold Vcg constant 
(5 volts throughout) for this potential also has a strong effect upon gains and 
resistance levels. The collector-supply voltage therefore differed at each in= 
vestigated operating point according to 


Ecco = Vcr + Ick1, 
Ecco = 5 + Ip(1000). 


The circuit designer has the gain and resistance levels of a transistor at his 


so 
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control. By using a large quiescent current he can achieve higher-gain cir- 
cuitry, at the price of high standby current and lowered input resistance 
and possibly the need for a higher direct voltage supply. One practical ap- 
plication of the material of this section is in the automatic gain control sys- 
tems used in communications receivers and discussed in Chapter 8. 
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Fig. 5-13. Performance vs. emitter current for a typical transistor. 


5-7. Summary. Because the single-stage transistor amplifier is not an iso- 
lated entity, its design and performance are dependent upon the means se- 
lected for joining or coupling its output terminals to a load and coupling its 
input terminals to a signal source. The choice and design of coupling net- 
works has a strong influence upon operating-point stability, standby-power 
requirements, frequency response, and efficiency of amplification. 

Seldom is the amplification provided by a single stage sufficient to meet 
practical specifications. But the importance of the single transistor stage lies 
in its use as the building block for the cascade or multistage amplifier. Multi- 
stage amplifiers often provide sufficient gaih to result in high signal levels. 
Because small-signal analysis does not apply to such “power” stages they 
require special treatment and will be discussed in the following chapter. 
lurther consideration is given to the multistage circuit in Chapter 7. 

A few additional words should be devoted to the subject of frequency re- 
sponse, Addition of collector capacitance and cognizance of the variation of 
ulpha with frequency do not alone turn the low-frequency h-circuit into an 
ill-band equivalent, Such circuit alterations may be used as a check on 
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the higher-frequency performance capabilities of an audio-range circuit, but 
more accurate results are achieved from other equivalents (see Chapter 9), 
which among other refinements, take base-spreading resistance and the 
‘Miller effect” into account. 


PROBLEMS 


5-1. Make a thorough comparison between a low-power silicon transistor 
and a germanium transistor of comparable ratings. 

5-2. A signal source has an internal resistance of 10,000 ohms and is feed- 
ing a transistor stage that presents an input resistance of 2000 ohms (includ- 
ing biasing resistors). Determine the size of the coupling capacitor necessary 
for the lower half-power frequency to be 25 cps. 

5-3. A transistor exhibits Co, of 12 uuf, fay of 10 me, and hyp. of —0.985. 
Determine nominal Ce, fe and hyeo and the magnitude of h;,- at 1 me. 

5-4. If hy. at 2 mc has a value of 4, and fae is 100 ke, calculate hyp. and 
the 2-mce value of hyp. 

5-5. Derive an expression for the power gain of a common-emitter con- 
nected transistor in terms of common-base h-parameters including C,, and fap. 

5-6. From the formula derived in Problem 5-5, with hi, = 25, hry = 10+, 
hyoo = —0.96, hon = 107°, Con = 10 up, and fa» = 1 me, plot G vs. f when 
the transistor is feeding a direct-coupled 10,000-ohm load. 

5-7. A given interstage uses a coupling capacitor of 1.0 uf; the shunt ele- 


ments are R, = 25,000 ohms, Rc = 10,000 ohms, R; = 2000 ohms and ~ 


transistor and wiring capacity is 40 wuf. Determine 
(a) The mid-frequency current attenuation of the coupling network alone. 
(b) The lower half-power frequency. 
(c) The upper half-power frequency. 


5-8. The transistor of the circuit below has a = 0.99, fay = 0.2 me, Cou = 


100 wuf and R, = 20,000 ohms. Calculate the following: 
(a) The mid-frequency current attenuation of the coupling network alone, 
(b) The mid-frequency a-c load seen by the transistor. 
(c) The upper half-power frequency of the overall circuit. 
(d) The lower half-power frequency of the overall circuit. 


luf 2ma | 
3K 
1K 
20K 10K 16 
1K 
Problem 5-8. Problem 5-9. 
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5-9. For the accompanying circuit, draw the d-c and a-c load lines on a 
sketch of the collector characteristics of the 2N43 and locate the Q point. 
With a sinusoidal base current drive, what is the maximum amount of power 
that can be delivered to the load before clipping occurs? 

5-10. Reverse the supply potential and repeat Problem 5-9 for a 2N475. 

5-11. Draw the d-c and a-c load lines for the circuit of the figure on a 
sketch of the 2N344 transistor collector characteristics. Locate the Q point. 


Turns ratio 8:1 





Problem 5-11. 


How ea can base current vary before clipping of the collector current will 
occur? 

5-12. To the input resistance of a transistor common-emitter stage must 
be added the approximate term (8 + 1)Z, to include the effects of impedance 
in the emitter branch. If Z, is the equivalent of R, paralleling C,, derive 
Inq. (5-17) for the lower half-power frequency of the network of Fig. 5-3 
altered by inclusion of bypassed emitter-resistance. For simplicity, neglect 
the effects of the coupling capacitor. The transistor itself may be considered 
to have a resistive input impedance R;. 

5-13. Compare the current gain frequency response of a particular transis- 
tor operating common-emitter with the response of that same transistor 
operating common-base. Consider alpha reduction as the only source of gain 
falloff, and assume that the transistor is feeding a low-resistance load. Which 
orientation provides the greater gain at fa. and at fas? 

5-14. A high-fidelity amplifier with a current gain bandwidth of 12 cps to 
40,000 eps is to be incorporated into a measuring circuit. Find the frequency 
range over which the amplifier’s current gain does not change by more than 
| db. If the specification were 10% rather than 1 db would it be tighter? 


Design Problems. In the problems that follow perform the operations nec- 
essary in order to obtain a stage that will meet the listed requirements. 
Choose an appropriate biasing arrangement, and, for each solution, choose a 
(transistor from those in Appendix I, and correct the nominal parameters for 
operating point and temperature. Itemize any assumptions made and clearly 
indicate the steps leading to your choice of each component. 
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5-15. 


Noor WN 


1 
2 
3. 
4 
5 


6. 
1p 


5-18. 


. Carrier frequency: 120 cps 

. Load resistance: 10,000 ohms 

. Input impedance: 50,000 + 10% ohms 

. Power gain: 10 (minimum) 

. Source characteristics: impedance—50,000 ohms (resistive); 1 mv 


or WN = 


NO 


1. Lo, A. W., et al., Transistor Electronics, Prentice-Hall, Inc., Englewood Cliffs, New 
Jersey, 1955. ’ 
2. Riddle, R. L., and Ristenbatt, M. P., Transistor Physics and Circuits, Prentice-Hall, 


Inc., 


3. Ryder, J. M., Electronic Fundamentals and Applications, 2nd Ed., Prentice-Hall, 


Inc., 


4. Shea, 


1957. 


. Carrier frequency: 400 cps 

. Load resistance: 10 ohms 

. Input resistance: 500 ohms (minimum) 
. Power gain: 30 db (minimum) 

. Source impedance: 50 ohms (resistive) 
. Temperature: 25 + 5° C 

. Supplies available: designer’s choice 


5-16. 
excursions of from 0° C to 50° C will the gain requirement still be satisfied? 
5-17. 


. Frequency response: 30 to 20,000 cps (minimum) 
. Load resistance: 5000 ohms 


. Voltage gain: 10 (minimum load-voltage to source-voltage ratio) 
. Source characteristics: impedance—100 ohms (resistive) in series with 


. Temperature: 25 + 3° C 
. Power supply available: — 12 volts 
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Requirements: 








If the design of Problem. 5-15 is subjected to ambient temperature 


Requirements: 


Input impedance: no requirements 


generator of 0 to 20 mv. 
Temperature: 20° C 
Power supply available: —8 volts 


Requirements: 


maximum 


REFERENCES 


Englewood Cliffs, New Jersey, 1958. 


Englewood Cliffs, New Jersey, 1959. 
R. F., Transistor Circuit Engineering, John Wiley & Sons, Inc., New York, 


Chapter 6 





LARGE-SIGNAL AMPLIFIERS 








Devices that perform the function of amplifying large signals are commonly 
called power amplifiers. Since it has been shown previously that all transistors 
are power amplifiers, this chapter will be devoted to those applications where 
the assumptions of linear operation are not valid, and where variations in 
collector voltage and current are a significant fraction of the total allowable 
range of operation. 

The power stage is the final unit of a cascade amplifier and serves to drive 
the energy-conversion device that transforms electrical energy into some other 
form, such as sound or mechanical energy. The power stage is, in turn, de- 
pendent upon the “driver stage’’ for its signal. 

The equations for circuit gains and impedances developed in Chapter 4 are 
not directly applicable to power stages because those relations were derived 
from equivalent circuits valid for small-signal excursions, and include small- 
signal parameters. When transistor operation swings over a large region of 
its characteristics, more accurate analysis is made using graphical prodecures. 
The Chapter 4 equations may be useful in approximating actual operation 
provided the parameters are available (they are not normally published for 
power transistors), and the input and output signals are generally sinusoidal 
(no clipping of the waveforms). 

We have previously discussed the drawing of both a-c and d-c load lines. 
Graphical techniques, when applied to small-signal amplifiers, permit study 
of the suitability of the operating point, determination of maximum allowable 
current and voltage swings, and calculation of overload capacity. In this 
chapter we shall rely upon graphical methods to determine gains and imped- 
ance levels, output power and overload capacity, and the distortion content 
of the output waveform. Large-signal analysis is often necessary for the driver 
stage of a multistage amplifier. 

6-1. Limitations. One of the general problems associated with the design 
of power amplifiers is that of obtaining the maximum possible power output. 
Power output for a common-emititer stage is limited by the following: 

141 
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. The maximum allowable collector-to-emitter operating potential 
. The maximum allowable collector current 

. The maximum allowable power dissipation 

. The saturation region 

. The cutoff region 


or WN FR 


Fig. 6-1 depicts the limiting regions. The maximum power dissipation 
line is a hyperbolic curve having the equation 


Velc =K (6-1) 


for a given junction temperature. If, in actual operation, the voltage-current 
product exceeds the design constant K, damage to the transistor will result. 


Saturation region 
+X 


Maximum 
collector 
current 





collector voltage 
Fig. 6-1. Operation limits. 


The resistive parameters of the device will cause internal power conversion. 


The heat generated, if unable to completely escape from the device, will raise — 


the operating temperature, and with internal temperature rise comes breaking 
of covalent bonds. ‘Transistor operation ceases when sufficient covalent 
bonds are broken. 

A collector-current limit is set in part by the decrease in a (or 8) at high 
current densities; the amount of reduction in current amplification can be 
used as a criterion to place a limit on maximum allowable current. 

Breakdown of the collector junction is shown in Fig. 6-1 by the upswing 
of the lines of constant base current. The Zener theory, that under the in- 
fluence of a strong electric field, electrons are pulled from their valence bonds 


to become mobile carriers, may account for this increased current; more — 


likely the cause is avalanche breakdown, a secondary emission phenomenon, 


A high voltage may also widen the collector-depletion layer so that it contacts” 


the emitter-depletion layer, resulting in a form of short-circuit. (A depletion 
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layer, it is recalled, is the region near a semiconductor junction where a re- 
duced number of mobile carriers are to be found.) A collector-voltage limit 
is also set by thermal runaway characteristics as discussed in the next section. 

The region of saturation is of little consequence in germanium transistors, 
but must be taken into account when silicon units are used because of their 
high Reg. Reg is the inverse of the slope of line O—-X in Fig. 6-1 and can be 
thought of as the collector-to-emitter resistance of a transistor in the full ON 
condition. 

The cutoff region, often erroneously considered to be below the Ip = 0 
line, in reality lies below the Ico line, because it is possible to operate with 
small positive values of base current (p-n-p). Because of nonlinearities at 
such levels, particularly in the input characteristics, some distortion may 
result just prior to complete cutoff. 

6-2. Thermal Considerations. The removal of heat from the collector-base 
junction must be considered when employing all types of transistors, but it 
warrants considerable attention in 
high-power types. The cooling of 
low-power transistors (below 200 mw) 
is generally accomplished by radia- 
tion to the surroundings. For power 
transistors (500 mw and up) cooling 
fins are sometimes used, but more 
often the units are firmly attached 
to metallic heat sinks (chassis or 
separate plate). Mounting for the 
2N539A is shown in Fig. 6-2. When Fig. 6-2. Typical mounting of a power 
feasible, the transistor case can make transistor. 
direct contact with the heat sink; 
more often a mica washer is employed for electrical insulation, as shown in 
the diagram, since the collector, in most power transistors, is directly at- 
tached to the case. 

A maximum allowable collector-junction temperature is specified for all 
transistors. For germanium units this maximum temperature is between 

5° C and 100° C. A similar figure for silicon is 175° C. The temperature at 
which the junction is operating (7';) depends upon the ambient temperature 
(7',), the thermal resistance of the heat path from the junction to surroundings 
(07), and the electrical power being converted into heat (Pr), according to 
the relation 





T;=T,+6rPr °C. (6-2) 


Thermal resistance is measured in degrees Centigrade per watt (° C/w). 
Internal power dissipation almost entirely occurs at the collector junction 
NO 
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Pr = Vele. (6-3) 


The maximum dissipation is 


1 
Prmax = (Velc)max = 6p (Tmax 77 T.), (6-4) 
T 


which is the hyperbola of Eq. (6-1). 


The overall thermal resistance, 67, is determined by solving a thermal net- 


work, analogous to an _ electrical 

Junction temperature giycyit. The network for a power 
Ge transistor is shown in Fig. 6-3. A 
current source symbolizing the heat- 

power generating properties of the 
transistor is in series with three elec- 
trical resistances, each representing 
Psa the thermal resistance of a portion 

Ambient temperature Of the thermal circuit. 0j- is the re- 

sistance from junction to transistor 

Fig. 6-3. Transistor thermal network. case, 6. represents resistance from 
case to heat sink, and 6,4 stands for 


Case temperature 


Sink temperature 


sink-to-ambient resistance. 
Solution of the thermal network by electrical series circuit theory gives 


Or = Die + Oc5 + Osa = Oia (6-5) 


For low-power transistors a single resistance from junction to ambient (ja) — 


is often specified, because heat sinks are generally not employed; a typical 
value for 6;a is 250° C/w. For the larger power transistors, thermal resistances 


are smaller, and conduction is the primary method of heat transfer, so values — 


of 6;- are made available and range from 0.5 to 2.5° C/w. If the transistor 


case and the heat sink are separated by an electrical insulator such as a mica — 


washer, 6; takes on values of 0.2 to 0.5° C/w. 

Removal of heat from a power transistor is accomplished mainly by con- 
duction to the heat sink and convection from the sink to the cooler surrounding 
air. Forced-air cooling reduces the size requirement for the sink, but most 
applications depend upon natural convection from both sides of an aluminum 
or copper plate. Vertical mounting of the sink is preferable, to make use of 
natural air movement. 

To estimate the total surface area required for a sink to adequately dissipate 
the heat developed in a power transistor, use can be made of Figs. 6-4 and 
6-5, which give the thermal resistance of flat aluminum and copper plates 
for various surface areas and plate thicknesses. A numerical example may 
prove of assistance in understanding the cooling problem. Consider 10 watts 
being converted to heat at a collector junction and a junction-to-case thermal 
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resistance of 2.0° C/w, with mounting hardware accounting for an additional 
resistance of 0.5° C/w. The problem is to predict the dimensions of a mount- 
ing plate so junction temperature will not exceed 80° C in a 40° C ambient. 
Eq. (6-2) limits 67 to 4.0° C/w, and since the transistor and the insulator 
represent 2.5° C/w, 1.5° C/w remains for the plate. In Fig. 6-5 this require- 
ment corresponds to a 73-inch copper plate of approximately fifty square 
inches per side mounted horizontally; the dimensions could be 7.1 by 7.1 


Ar Plate thickness 3, 2, 
A Plate ae] 





Plate thickness 3/; 32.” 
Plate thickness 3/16” 
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ig. 6-4. (Courtesy Delco Divn., G.M. Fig. 6-5. (Courtesy Delco Divn., G.M. 
Corp.) Heat transfer characteristics of Corp.) Heat transfer characteristics of 
square aluminum heat sinks. square copper heat sinks. 


inches if both sides are utilized. An aluminum sink to do the same job must 
be 4%; inch or thicker and nearly 10 by 10 inches. It is normal to include a 
safety factor. 

A thermocouple fastened to the transistor case may be used to measure 
the temperature at that point, although it must be remembered that the 
temperature of importance is at the inaccessible junction. 

Because the heat sink represents resistance in the thermal path, at first 
thought one may suggest doing away with the sink, and thereby removing a 
limitation upon allowable power-handling capacity. But after removing the 
sink from the circuit diagram, we should have to place in its stead another 
resistance, namely that of the case-to-ambient convection and radiation. 
Such a resistance is considerably larger than that contributed by a flat metallic 
plate. 

Associated with each thermal resistance of Fig. 6-3, but not shown on the 
diagram, is a parallel capacitance that is necessary to explain transient be- 
havior, The thermal time constant, the product of thermal resistance and 
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capacitance, is long for the external elements in the diagram (capacitance 
very large), but relatively short for the transistor itself (30 milliseconds for 
the 2N539A). With a short time constant, junction temperature may con- 
sequently be governed by the peak, instantaneous power dissipation rather 
than by the average collector dissipation. The circuit designer is concerned 
with thermal time constants when the transistor is operated across the 
maximum-dissipation hyperbola. 

A condition known as thermal runaway can result if the rate of increase 
in collector dissipation with junction temperature exceeds the ability of the 
thermal circuit to remove heat. After differentiation of Eq. (6-2), thermal 
runaway may be expressed symbolically by 


(Vel 1 
oe = (6-Ga) 
oT; Op 
For a constant Vc, instability results when 
ol 1 
Ve (=) oi (6-6b) 
oT; Or 


The change in collector current due to temperature change chiefly is the — 
result of increased leakage current, Ico, and depends upon the biasing circuitry 


employed. This can be seen by writing Eq. (6-6b) in the form 





ale \ (al 1 
rs) a)» “ 
oIco oT; Or 
We shall make use of the stability factor as defined in Chapter 3. 
ol 
Were (6-8) 
alco 


For a germanium transistor, a doubling of Ico every 9° C is apparent from 


examination of Fig. 3-5; this represents an 11% change per °C. Mathemat- 


ically, 
Ico = Ico'(l.A1)°7 (6-9) 


Ico’ is the leakage current at the reference temperature, usually 25°C. The 
derivative of interest is 


al 
© = Teo! (0.104) (1.1147. (6-10) 





j 
At AT; = 0, an assumption that is not always valid, this derivative becomes 
alco 
i 


—— = I¢o'(0.104). 6-11 
aT co'( ) ( ) 
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For a stable circuit, Eq. (6-7) requires that 


1 
VeSIco' (0.104) < a (6-12a) 
IT 

The collector-voltage limit is 


Ve< 10/SIco’ Or. (6-12b) 
Leakage current is limited to 
Ico’ < 10/8Ve¢ 6r. (6-12c) 


Eqs. (6-12b) and (6-12c) set an upper limit on collector voltage and leakage 
current. The foregoing analysis applies to either the common-emitter or the 
common-base stage since leakage current for the former is proportional to 
Tco and thus will exhibit essentially the same amount of change due to 
temperature. 

6-3. Large-signal Parameters. Information supplied by manufacturers of 
power transistors differs from that made available concerning low-power de- 
vices. In most applications, the load resistance on a power stage will be low, 
to make use of the allowable collector current swing, and thus hgg and hy»2 will 
be of little consequence. The parameters of importance will thus be hy, and 
ho. Occasionally the small-signal values of these parameters will be given, 
more often large-signal or d-c values are available. The variations in large- 
signal values of hy, and hg; are normally obtainable. 

D-c beta, the static value of the common-emitter short-circuit forward 
current transfer ratio, is defined by the ratio of direct currents according to 


Ic 
Arr or hrr =— 
B 


(6-13) 





Vop=constant. 


Since, when dealing with direct quantities, leakage current may be a con- 
siderable fraction of the total, Eq. (6-13) is often modified to 





Ic — Icro 
Arr or her = (6-14) 
Iz Vop=constant. 
The d-e or large-signal value of input resistance is 
Ver 
Hrr or hin SS (6-15) 
Iz Vop=constant. 





Of course the values of these parameters are very dependent upon the oper- 
ting point chosen, 
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Other systems of large-signal parameters are employed. Transconductance 





Gu = — (6-16) 
Vee 
and power conductance ' 
Ic 
Gp = (6-17) 
* Vanle 


are used by some (Appendix I). 

6-4. Modes and Configurations. The operational modes originally defined 
for vacuum-tube circuits apply to transistor work. Basically, in Class-A 
operation, the device conducts over the entire cycle, and the output waveform 
reasonably duplicates the input waveform. This is the mode of operation 
assumed in all preceding and succeeding discussions unless specified to the 
contrary. To satisfy the definition, no appreciable clipping is allowable, but 
distortion in the output waveshape due to nonlinearities of characteristics 
is tolerable. 

In Class-B operation the device conducts over one half of the entire input- — 
signal cycle, so in order to successfully amplify a sinusoidal signal two tran- 
sistors are necessary, each working on successive alternations. Class-B opera- 
tion is achieved by biasing transistors near cutoff. The use of a relatively 
small amount of forward biasing for the emitter-base diode is common and 
necessary to eliminate crossover distortion (described later). This type of - 
operation has been referred to as Class-AB, but generally the simpler nomen- 
clature (Class-B) is used. 

Class-C performance results when the device conducts over less than one 
half of the cycle. Because relatively few applications for Class-C transistor 
circuits are available, no detailed discussion of this mode will be presented. 
The reader who desires more information is referred to the literature.’ 

Because the common-emitter configuration provides the highest power gain, — 
the use of other configurations is limited to applications where they exhibit 
a distinct advantage over the common-emitter. Occasionally such an ad-— 
vantage arises. It may be that a very low input resistance is necessary, or 
the requirement may be for better frequency response; in either case a 
common-base circuit may be the solution to the problem. When one is con- 
cerned with distortion as in large-signal amplifiers, the extreme linearity of | 
the common-base output characteristics may, for some applications, justify 
its use. Since the input circuit is a prime contributor to distortion, the 
“following general rule may be helpful in providing grounds for the determin=_ 
ation of the proper configuration for a particular job: To minimize distortion, 
a common-emitter power stage should be fed from a low source resistance com= 
pared with its input resistance, while a common-base stage should be fed from a 
high source resistance compared with its input resistance. From this statement 
we may conclude that the nonlinearities of the common-emitter input circuit 
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are useful to compensate for those of the output; for common-base stages 
since the output circuit is very linear, we wish to swamp the input Geouit 
resistance with a high source resistance. Exceptions to this rule exist. 

Our concern, in this chapter, is with the common-emitter large-signal am- 
plifier. Study, analysis, and design of circuits in the other configurations will 
be left to the reader. Sufficient information is available in the literature.25° 

6-5. Distortion. When the transistor is operated over a significant range 
of its characteristics, the nonlinearities inherent in semiconducting devices 
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ig. 6-6. Variation of input resistance 
with collector current for a typical power 
transistor. 


Fig. 6-7. Variation of current gain with 
collector current for a typical power 
transistor. 


present sources of distortion to signal waveforms. The input characteristics 
Which relate base-to-emitter voltage to base current, are exponential and there- 
fore the input resistance of the device is not constant, but varies with signal 
amplitude. While the effect of this 
Variation can be minimized by driving 
the transistor from a current source, 
it must be remembered that current 
sources are inefficient and cannot al- 
Ways be designed into a particular 
direuit. A typical variation to be ex- 
pected in input resistance is shown 
in Vig. 6-6. 

The current gain of a transistor is 0 
dependent upon collector current as 0 
shown in Fig. 6-7. If we imagine a 
silage biased at one ampere and 
handling a signal that ranges both 
positively and negatively from that 
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Fig. 6-8. Transfer characteristic for a 
typical power transistor. 
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point, the figure shows that the positive excursion would get considerably 
more amplification than the negative, excursion. 

The two sources of distortion described above tend somewhat to cancel 
each other and will result, when combined, in an overall transfer character- 
istic such as that shown in Fig. 6-8. It can be noted that while this curve 
is a plot of base voltage versus resulting collector current, a curve of base cur- 
rent versus collector current could also be described as a transfer character- 
istic for this device. 

Let us assume that, for any particular situation, the collector current will 
contain harmonics, and can thus be represented by a Fourier Series 


ie = Iq + Ao + Aj cos wt + Ag cos 2wt + As Cos 30t +::- (6-18) 


where the fourth and higher order harmonics may be omitted with negligible 

error. We shall further assume that the signal voltage applied to the tran- 

sistor input is a pure sinusoid and shall sample both input and output wave- 
Ver 





Fig. 6-9. Graphical determination of distortion content in output current. 


forms at several time intervals to obtain the coefficients of the terms of Eq, — 
(6-18). Let us take our samples at wt = 0°, 60°, 120°, and 180° with cor- 
responding collector currents designated as Imax, Iz, Iy, and Imin. Graphi- 
cally, this operation is shown in Fig. 6-9. 

Substitution in Eq. (6-18) yields: 


wt = 0° Imax = Iq + Ao + Ai + Ao + As, 
wl = 60° Tr = Iq + Ao + Ai/2— 42/2 Av | @ gy 
soto 120° \Zymm Lg 4 Ag rea /a oe Ap aie Ams | 
wt = 180° Imin = Iq + Ao — Ar + Aa — As. 





LARGE-SIGNAL AMPLIFIERS 151 


The solution of these four simultaneous equations results in expressions 
for the harmonic amplitudes: 


Ao = (§) (Imax + Imin) + (3)(Z2 + Iy) — Ia, 
Ay = ($)(Imax — Imin) + (3)(Iz — Ty), 

Az = (4)(Imax + Imin) — (3)Za, 

As = (§)(Imax — Imin) — (3)(Iz — Iy). 


The total harmonic content in a wave can be expressed as the ratio of the 
rms value of all harmonics to the effective value of the fundamental. 


(6-20) 


Vat Ea 
D = 
Ay 





xX 100%. (6-21) 
Usually the ratio of harmonic amplitude to fundamental amplitude is of 
concern. 


As 
Dz = — X 100%, (6-22) 
Ay 


and 


As 


A, (6-23) 


6-6. Class-A Amplification. A single transistor, biased by the methods 
of Chapter 3 and capable of handling the required load power, may be used 
as the output stage of an amplifier. The transistor may be R-C or transformer- 
coupled to its load and to its driver. 

Fig. 6-10 symbolizes the output characteristics of a transistor. It is 
desirable to provide an operating point (such as Q) that is equidistant from 
¢ach axis. The Q point and load are often selected so that the maximum 
collector-dissipation hyperbola is tan- 
went or nearly tangent to the load 
line at Q; these conditions are easily 
achieved with a transformer-coupled 
load, because a turns ratio may be 
chosen to reflect almost any load 
value into the collector circuit. 

To achieve an operating point such 
as Q of Fig. 6-10, a large standby 
collector current must be supplied to 
i high-power stage. This quiescent Vor 
current for a Class-A power ampli- 
filer stage may be as much as six or 
vight amperes, and consequently it 





Fig. 6-10. Typical operating point for 
Class-A power stage requires high qui- 
escent current, 
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is easy to understand why Class-B amplifiers, which require almost zero 
quiescent current, are widely employed as output stages. 

Two transistors may be connected in Class-A push-pull if more output power 
is required than can be supplied by a single transistor. Two such circuits 
are shown in Fig. 6-11. In Fig. 6-1la, the transistors are both p-n-p and 
two input signals are required; these signals must differ in phase by 180°. 
The required phase inversion may be supplied by a transformer or by one of 
the active phase-inversion circuits described in a later section. 

In Class-A push-pull operation both devices operate at all times, and each 


o q 
i: ." ‘ ; 
: l 
(b) 


(a) 


Fig. 6-11. Class-A push-pull output circuits. 


supplies one half of the total load power. If the transistors are matched, 
the addition of the two signals in the load will result in the elimination of all 
even harmonic distortion, and d-c magnetomotive force in the output trans= 
former will be minimized.’ 

A Class-A push-pull stage utilizing complementary symmetry is depicted 
in Fig. 6-11b. No phase inversion is required; instead each transistor re= 
ceives the same input signal. The use of opposite conductivity types, while 
simplifying some circuit designs, creates additional problems for the designer, 
In the diagram two power supplies are used, and this in itself is undesirable 
in many applications. The matching problems may be difficult to overcome, 

Power-Amplifier Design Example—Class-A. The design of a Class-A out= 
put stage by graphical methods is considered in this example. 


Object. 
quirements: 


Design a transistor amplifying stage to meet the following ré= 


1. Load resistance: 2000 ohms 
2. Power output: 1 watt (maximum) 
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3. Temperature: 40° C 
4. Supply potential available: 12 volts 
5. Frequency: 400 cps 





Solution. It may be assumed from the power-output specification that the 
stage output should enter the saturation and cutoff regions of the character- 
istics for any power delivery in excess of one watt of full-load power (Prr). 
A specification of this type is encountered when feeding a load that may be 
damaged by excessive signal. Since here we shall transformer-couple to the 
load, let us assume an output-transformer efficiency of 67%. The stage must 
supply 


Pry 1.0 
Prax = —— = —— = 1.5 watts. 
n 0.67 


‘The type 2N539A power transistor is available and will be used. It is capable 
of handling the required power. 


If we assume no d-c resistance in the transformer primary, then, as can be 
seen in Fig. 6-12, the d-c load line is vertical from 12 volts. Since saturation 


-Ecc Ecc 


R, 


= Ry = 








| -12-20,  -40 60 
L$ avy COLLECTOR 
VOLTAGE 


Fig. 6-12. Load lines for Class-A stage design example. 


und cutoff should exist concurrently, the collector-voltage swing will be 2(12), 
or 24 volts. We must find the corresponding collector-current excursion. 


Pmax = 1.5 = (2) (a) 





(AVe and AI¢ are peak-to-peak values and division by 24/2 yields rms.) 


Alo = 4% = 0.5 ampere. 


The load seen by the transistor is 
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AV, 24 
Rr, mg gee 8 ohms. 
AIc 0.5 


The impedance ratio of the output transformer must be 48:2000. 
The quiescent point is 


Vcr = 12 volts, 
Ic = 0.25 ampere, 


and results in a 3-watt standby dissipation. 


The base-circuit characteristic is defined by the plot of Hz vs. Ic in 
Appendix I. If it is assumed that the curve applies at Voz = 12 volts, then — 


at Ic = 0.25 ampere, 
R; = Hm = 135 ohms 


Hyg, from the manufacturer’s curve at I¢ = 0.25 ampere, is 


Power gain is given by, 
> ZR, _ (Arels)?Rt 


G=—2 x» ————__ = 2570. 


P;” 1,?H1 1,?H tr 





A rough calculation may be made to determine base-bias resistance Rg. 
The Q point is located at Ip = 3 ma. 


2. Ecc 12 
ou ASC 
= 4000 ohms. 


This should be checked in the laboratory. 

The design discussed here contains no stabilization or feedback. Furthe 
investigation must be directed along those lines. | 

6-7. Shifting of the Operating Point. The Ao term in the distortion di 
cussion is necessary in the event that the performance of the transistor diffe 
on the positive and negative half cycles of the input signal, and the resulti 
output waveform contains a constant or d-c term in addition to the quiescen 
current Ig. Because of characteristics nonlinearities, the operating point 
many Class-A amplifiers will shift slightly during the presence of a signal 

ified. 

ange to Fig. 6-10. The Q point is assumed equidistant from t 
two limiting regions. In the presence of a sinusoidal base-current signal t 
drives the stage to both extremes, the resulting collector current. will 
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squared (the peaks will be clipped). The operating point will remain at Q 
and not change from its no-signal value, because Q is equidistant. A pro- 
nounced shift in the operating point will occur, however, when the stage is 
driven into only one of the limiting regions (saturation or cutoff). Fig. 6-13 
illustrates this. The stage has a no-signal bias that determines Q. When the 
base-current variation is of such a magnitude as to cause the stage to saturate, 
clipping occurs and the quiescent point must shift because of the new average 
or d-c value of the distorted wave. In this instance, the point shifts away 
from the saturation region, Ig is re- 
duced, and because of this the clip- 
ping is softened. 

It must be remembered that when 
the operating point shifts, it moves 
up or down the d-c load line; the a-c 
load line always passes through Q. 

Should input variations result in Vor 
collector-current excursions that tend 





j Fig. 6-13. Clipping occurs when the 
to exceed the allowable drive, and operating point is not in the center of the 
should a stage originally be biased at allowable range and the input signal is 


i. point closer to cutoff, a harder form large. 

of clipping will occur. However, it 

too will be somewhat softened by a shifting of the Q point, because of distor- 
lion of the current waveform. This case is characterized by a noticeable in- 
crease in Ig. 

6-8. Class-B Amplification. Since Class-B operation results in conduction 
over one half of the input-signal cycle, it is necessary to employ two transistors 
in a push-pull arrangement in order to amplify an entire sinusoidal waveform. 
‘The two halves of the waveform are added at the load to re-establish the com- 
plete wave. 

Class-B circuits are widely accepted because of their low standby-current 
requirements. It has been noted that Class-A circuits require an operating 
point that is characterized by a high value of collector current; for a Class-B 
tage or push-pull pair little or no standby collector current is necessary, for 
biasing is at or near cutoff. A single-sided stage is seldom used because of 
\(« inability to reproduce the input-signal waveform. 

In analyzing a push-pull arrangement, it is customary to treat only one of 
(he transistors, since each is operating at identical levels into an identical 
load. ‘Transformer load-coupling as shown in Fig. 6-14a is widely used, with 
(he collector supply fed to the center tap of the output transformer. The d-c 
loud per stage consists of one half of the d-c resistance of the transformer 
primary; this can often be assumed to be neglibible when high-quality trans- 
formers are used. In each collector circuit only one half of the primary turns 


ive applicable, Consequently the total primary resistance (2,.) to alternating 
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je d-c load line 


a-c load line 








Ic 
Va Vor 


(b) 


(a) . . 
Fig. 6-14. Class B push-pull pair: (a) circuit diagram; (b) output characteristic. 


signals is given by 


where Rz is the load per transistor, and is the secondary load resistance ~ 


referred to one half of the primary. 
The diagram of Fig. 6-14b indicates an operating point set at 


Ic = 0, 
Vcr = Va. 
A load line joins this Q point with 
I¢ = Imax; 
Vor = 0. 


This diagram assumes that cutoff is at zero current instead of Ico and saturaq 
tion is at zero collector voltage. Then 


. 
isc 





Iinax 


The power delivered by a stage that is driven through its total range (cutoff 
to saturation) is given by 


rent(fa)(_) Ma 


The 4 factor is used because we are dealing with half-wave pulses. For a 
push-pull pair 





(6-26) 


D-c drawn from the collector supply is negligible during standby operation, 






Ree = 4Rz, (6-24) 
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During signal-amplification periods the d-c source must supply, during each 
half cycle of maximum swing, 





[ ax 
Tao = ——- (6-27) 
Tv 
The power from the d-c supply is 
Valimax 
P d-c = y (6-28) 
TT 


Therefore the maximum efficiency of each transistor is 


Po — Valimax/4 
ES SE aay, 
Pa-e V glmax/™ 





n 


It is important to know the power being dissipated at the collector junction. 


Vol. max Val, max 
wT 4 


Paiss = Pac — Po = 
= 0.068V olimax 
= 0.27P,. (6-29) 


Should a Class-B stage be driven to a fraction (k) of its total allowable 
swing, 


AVo = kVa, 
Ale = kImax- 
‘Therefore, 
k?V glinax 
aaa eae (6-30) 


Power-Amplifier Design Example—Class-B. An example of the design of a 
Class-B output stage is not presented at this point. In the next chapter such 
i design is illustrated in conjunction with a complete ten-watt amplifier. 

Distortion in Class-B Stages. The two transistors employed in any push-pull 
irrangement should be operationally matched, the degree of such matching 
depending upon the extent to which distortion must be minimized. In 
uddition to the sources of distortion discussed under Class-A amplification, 
Class-B circuits are subject to ‘crossover distortion.” 

Crossover distortion is best understood by study of a diagram. Fig. 6-15a 
shows the nonlinearity of the input characteristic of a common-emitter 
vonnected transistor, ‘The exponential nature of the curve signifies high input 
resistance at low-voltage levels; thus little base current will flow until input 
voltage exceeds some value such as M, Because collector current is almost 
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directly proportional to base current, resulting collector current will be small 
until the input voltage is sufficiently high. The collector current for a push- 
pull pair is shown in Fig. 6-15b; distortion at the “crossover” point is obvious. 


To overcome this type of distortion, a base potential or current bias can ~ 


be supplied that will permit operation at a more desirable point on the input 


characteristic, such as N. The summation of the alternate half-cycle signals — 
at the load will consequently be free from a major distortion contribution and — 


the output waveform will approximate a pure sine wave. The input biasing 






Vog =const. 


Cross-over 





(a) (b) 


Fig. 6-15. Crossover distortion: (a) input characteristic; (b) collector-current wave-— 


forms. 


network composed of Rz, R3 and Ezz in the circuit of Fig. 6-14a compensates 


for this type of distortion by providing the required slight forward bias. Rg 
must be kept small, for signal power will be lost in that element. Often, 
because of temperature effects upon the transistor emitter-base characteristics, 


the biasing network will contain temperature-compensating elements such as 


thermistors or junction diodes. The addition of a bypass capacitor across 
Rg is not recommended, for its discharge through that resistance will develop 
a potential that tends to reverse bias both transistor input junctions and, 
therefore, contribute to distortion. 

Unbypassed emitter resistance is often used with the Class-B push-pull 


pair in order to improve bias stability and to reduce distortion by providing — 


some signal degeneration. 


6-9. Phase Inverters. To drive a push-pull output stage when comple= 
mentary symmetry is not employed, two signals differing in phase by 180° 


must be supplied to the high-power pair. A transformer, with its secondary 
center tap grounded, is often used, the phasing of the voltage from C7’ to each 
end of the winding differing by 180°. When the cost, weight, or frequency 
requirements so dictate, a transistor phase inverter may provide the required 
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signals. The transistor phase inverter must be capable of supplying two 
identical outputs of opposite polarities, and output impedances must be equal 
in order to satisfy the needs of each of the power transistors. 

The “‘split-load phase inverter” is shown in Fig. 6-16a. The input im- 
pedance of this stage will be fairly high, because of the unbypassed emitter 
resistance Rg. The circuit has two sources of unbalance: if Rz is made equal 
to R- as would seem natural, load #2 would receive slightly more signal, 
because 7, is always greater than 7 (i, = aie); also, load #2 is fed from a 
common-collector type of generator, whereas load #1 is fed from a common- 


—Ecc 





I"ig. 6-16. Split-load phase inverter: (a) basic circuit; (b) circuit modified to adjust 
for output impedances. Biasing not shown. 


emitter type of output resistance. 
For the common-emitter configuration 


hin + Rg(1 + hyo) 
hov(hin + Rg) — hrohyo 


R= 


(4-56A) 


Where hj includes all resistance in series with the emitter terminal; in this 
case h,» plus Rg in parallel with load #2. The output resistance of a common- 
collector circuit is 
hind + Rehov) + Re(1 + hyo) 

1+ Rhos 


Ro = 
lor this circuit, A,» does not include the resistance of the parallel combination 
of Rp and load #2, but h,, will include R, and load #1. These resistances, 
however, will not materially affect h,» (see Problem 4-12). The insertion of 
itumbers into the formulas may simplify the analysis. Consider hi, = 50, 
hy = —0.98, hy = 107*, hon = 10-°, R, = 5K, Rp = Re =2K and the 
loads each of 500 ohms. The output resistance of the common-emitter por- 
lion is 100,000 ohms and this in parallel with R, yields 1960 ohms. For the 
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common-collector portion of the circuit, R, = 150 ohms, and this paralleled 
by Rz yields 139 ohms. To equalize the drive impedance a series resistor of 
1821 ohms could be added as shown in Fig. 6-16b. The values of R, and Rg 
must now be realigned because of the © 
loss of power in the equalizing re- 
sistor Rs. 

In the phase inverter of Fig. 6-17 
the input signal is supplied to only 
one transistor; 7R1 emitter current, 
flowing through the common Rg es- 
tablishes a varying emitter-to-base 
potential for transistor TR2. The 
output of 7 R2 consequently differs 
from that of the directly supplied 
transistor by 180°. This circuit 
been called the ‘“‘emitter-coupled in 
verter.” A mathematical analysis 
operation is similar to that of the dif 
ference amplifier discussed in Cha 
ter 8, and proceeds with the drawi 
of the equivalent circuit, followed b; 
calculation of the collector voltag 


—Ecc 


—Ecc 
oO 





Fig. 6-17. Emitter-coupled phase in- 
verter. Biasing not shown. 


Ver.and V.». For perfect inversion 


Va 
Veo 





<4; (6-31 


and the output resistances of each transistor are identical. The emitte 


coupled inverter does not quite satisfy Eq. (6-31). 

Another two-transistor phase inverter circuit is shown in Fig. 6-18. T 
resistor R, can equalize the gain of TR2 to make its output signal equivalen 
to that of TR1. The phase inversion due to T'R2 is used for load #2; the 


—Ece 


(—o Load 2 


TRI TR2 


(—o Load 1 


Fig. 6-18. Another type of phase inverter. Biasing not shown, 
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quirement, as previously stated, is a 180° difference between currents to the 
loads. Output resistances will tend to differ for this circuit. 

6-10. Summary. An extremely important consideration in the design of 
large-signal stages is junction temperature and its effects upon circuit opera- 
tion. Changing transistor parameters with temperature cause variations in 
gain and resistance levels, but of even greater importance is the possibility of 
thermal runaway. Such runaway is not always destructive because there 
is usually external resistance in the collector-emitter circuit to limit the 
quiescent current to a finite and sometimes seemingly satisfactory value; 
investigation of the standby collector-to-emitter potential as well as the 
current is helpful in determining if runaway has occurred. 

Because of the large standby current requirement, Class-A high-power 
stages have not gained wide acceptance. Class-B push-pull circuits are 
usually used and have been refined to a high degree by the addition of ther- 
mistors and other temperature-sensitive compensating devices. 


PROBLEMS 


6-1. On a sketch of the 2N344 output characteristics, show the maximum 
dissipation contour (20 mw at 40° C). 

6-2. A particular transistor is dissipating 25 mw at its collector junction. 
‘The thermal resistance is given as 0.6° C/mw for operation in free air. At 
what temperature is the collector-base junction when the ambient is 40° C? 

6-3. If the transistor in Problem 6-2 were attached to a clip-on sink of one 
square inch radiating surface, and 67 was found to be 0.45° C/mw, at what 
temperature is the junction for the same ambient condition and dissipation? 

6-4. The maximum allowable operating temperature for the transistor of 
Problems 6-2 and 6-3 is 90° C. In an ambient of 40° C, what is the permis- 
aible collector dissipation with and without the sink? 

6-5. Consider a high-power transistor, mounted vertically and cooled by 
natural convection from a 34-inch thick copper sheet. Eight watts are being 
dissipated in the transistor, the junction-to-case resistance is 1.0° C/w, and 
mounting hardware is 1.0° C /w. The ambient is 30° C and maximum allow- 
able junction temperature is 90°C. Find the minimum dimensions of the 
ink. 

6-6. Will a common-base stage with S = 10, Veg = 20, 07 = 0.25° C/mw, 
and Ico’ = 20 va exhibit thermal runaway? If the same transistor is operated 
vommon-emitter under the same voltage and bias conditions, and has a beta 
of 50, will it run away? 

6-7. Now consider the transistor of Problem 6-6 to be made of silicon, and 
that 02¢0/dT; = 0.15 Ico’. Leakage current at 25° C (I¢o’) is 0.1 wa. Will 
the circuit run away? Is it more stable with the silicon or with the germanium 
transistor? 





“ments require phase inversion: 
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6-8. For an output waveform, Jg = 1 a, I, = 16a, Iy =0.5a, Imax = 
2a, Imin = 0.3 a. 

(a) Write the Fourier series for this wave with numerical coefficients 
through the third harmonic. 

(b) Obtain‘ the percentage of each harmonic of the fundamental. 

6-9. Operating Class-A, a power transistor is to deliver a maximum of 
4 watts of audio power to a 4-ohm load. A 12-volt power supply is to be used. 
Assume ideal characteristics, ideal transformer coupling, and a quiescent 
point adjusted for symmetrical clipping. Determine the following: 

(a) What transformer impedance ratio is required? 

(b) What is the operating point of the stage? 

(c) What is the standby-power requirement? 

(d) What is the peak collector current? 

6-10. Draw each of the following circuits and state which of the arrange- 


(a) Push-pull Class-B pair (p-n-p and p-n-p). 

(b) Push-pull Class-A pair (p-n-p and n-p-n). 

(c) Push-pull Class-A pair (n-p-n and n-p-n). 

(d) Push-pull Class-B pair (n-p-n and p-n-p). 

6-11. Consider a Class-A stage being driven from saturation to cutoff. If 
the operating point is at (Vcxz)o and the collector current swing is from zero 
to twice (Ic)o, determine the efficiency of the stage as the ratio of output or 
load power to standby power. This is the maximum efficiency possible. — 
What type of coupling must be employed? What is the a-c load resistance 
in terms of operating point coordinates? 

6-12. Prove that the collector efficiency of a Class-A stage is given by 


1 =k?(50) %, 


where k is the fraction of total allowable swing and is unity when the stage 
is operating between ideal cutoff and saturation. 

6-13. Show how a reactive load on a Class-A stage can result in an elliptical 
load line. How can this affect the maximum signal handling capabilities of 
the stage? 

6-14. For a Class-B push-pull transformer-coupled circuit, find the collector 
potential on the OFF transistor in terms of the direct supply potential, Eee, 
when the pair is operating with full signal. 

6-15. A d-c meter in the Ecc branch of an ideal Class-B amplifier reads 
0.75 ampere. If each transistor is working into 10-ohm load, how much power 
is being delivered to that load? The circuit is that of Fig. 6-14a. 

6-16. Specify the area, thickness, material, and mounting position of & 
flat metallic plate that can adequately serve as a heat sink for a power tran 
sistor, biased at cutoff and feeding a transformer-coupled load. The suppl 
potential is 30 volts, and the transistor is half of a Class-B pair delivering 3 
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watts to the load when swinging from cutoff to saturation. Consider 1.5° C/w 
for the transistor, 0.5° C/w for the mounting washer. The transformer has 
an efficiency of 75% and negligible winding resistances. Choose a heat sink 
that will just enable the junction to operate at 75° C in a 35° C ambient; do 
not include a safety factor. 

6-17. A push-pull Class-B pair is wired as shown in the diagram. Crossover 
distortion is evident in the output waveform and it is desired to overcome 





r) i es 


0 04 -06 I, (amps) 


Problem 6-17. 


this with a compensating network. Working with a knowledge of the transfer 
curve (above) and available supplies of +20 and —20 volts, design a resistive 
circuit to minimize crossover distortion and include your network in a sketch 
of the circuit above. 

6-18. A two-transistor bridge circuit with a speaker load is shown in the 
accompanying diagram. The bridge is adjusted to have a zero direct voltage 





Problem 6-18. 


from A to B, thus a conventional loudspeaker may be employed. Study the 
operation of this circuit and answer the following: 

(a) TR1 and TR2 are operating in what configurations? 

(b) What direct collector-emitter potentials exist across TR1 and TR2? 

(c) If each transistor is operating Class-B, explain how the circuit will 
reproduce the entire signal at the speaker. 

(d) If each transistor is operating Class-A, explain how the circuit will 
reproduce the entire signal at the speaker. 

(e) Add biasing to the diagram for Class-A operation. 
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6-19. Design a Class-A power stage using a 2N539A to meet the following 
requirements: 


1. Load resistance: 50 ohms 

2. Power output: 2 watts (maximum) 

3. Temperature: 25° C 

4. Supply potential available: — 16 volts 
5. Frequency: 800 cps 


Assume an output transformer efficiency of 75% and an input series 
efficiency of 50%, with negligible d-c resistances. Sketch the circuit ang 
determine all component values, both transformer impedance ratios, circul 

i i i lete stage. 

ns and the input resistance of the comp ; 
6-20 Design a push-pull Class-B stage to directly feed a center tapped 


loudspeaker. 


1. Load resistance: 4 ohms each side 

2. Power output: 5 watts 

3. Temperature: 25° C 

4. Potentials available: —20 and +20 volts 
5. Frequency response: 60 to 6000 cps. 


Itemize any assumptions made in the design. 
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MULTISTAGE AMPLIFIERS 








When more amplification is required than can be supplied by a single stage, 
additional stages are joined to form a composite or cascade or multistage 
amplifier. Vacuum-tube stages can easily be connected in cascade because 
of their isolating properties; transistors, on the other hand, because of their 
finite input resistance, present a considerable load to preceding circuitry, and 
therefore warrant special attention. 

The performance of a single stage can be obtained by using the equations 
derived in Chapter 4; coupling networks and their effects upon gain, frequency 
response and impedance levels were discussed in Chapter 5; and the high- 
power stage was described in Chapter 6. The problem at hand is to combine 
this information in order to analyze and synthesize the multistage amplifier. 
From the point of view of overall requirements, the multistage amplifier must 
join a particular source to a particular load and provide the required amplifi- 
cation over the desired frequency range; it must be capable of supplying the 
proper power to the load, of presenting the required input resistance to the 
source, and of working under the environmental conditions to be expected 
with the power supplies available. 

7-1. Analysis by Blocks. The amplifier designer can make use of systems 
concepts because a multistage circuit is a system of different circuits, some 


I; 


Fig. 7-1. Block diagram of multistage circuit. 


capable of supplying gain, as for example the active elements, and some pro- 

viding attenuation; coupling networks and feedback paths are examples of 

this latter type. A cascade amplifier can be depicted as in Fig. 7-1, a series of 

blocks each representing significant circuitry. Each block is capable of voltage 

and current gain, although the gain of some of the blocks may be less than 
165 
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unity and they therefore serve to attenuate. The block designated “A” may, 
in reality, be the coupling circuit between the source and the first amplifying 
stage marked ‘“B.’”’ The ‘“‘C” block may represent a coupling network, an 
equalizing network, or some other group of passive or active elements. 

Since overall operation is to be considered, the load power may be written as 








P, = Io*Rx, (7-1) 
and the input power as 
P; = 17Ria. (7-2) 
The power gain is P,. 12h: 
G=—= (7-3) 
P; I?Ria 
But 
i pT Ades (7-4) 
Therefore zs 
C= (AiaAip +++ Aiz)?. (7-5) 
Ria 


The operation of a multistage amplifier can be specified in terms of the in- 
dividual voltage gains, because, at the load, power can be expressed by 








2 
Py = ee (7-6) 
Ry 
and at the input by a 
P; == (7-7) 
Ria 
Th ower gain is 
= ‘. Pe Viehe 
P; V2/Ria 
But 
: Vo = Vi(AvaAog +++ Avg). (7-9) 
Therefore ‘ 
G = — (AsaAen +++ Aoz)?. (7-10) 
Rr 


Another approach is to use the power gains of each stage 
G = G4Gp ::: Gz. (7-11) 


Eq. (7-11) requires all gain factors to be numerical ratios. Should gains be 
given in logarithmic units (decibels), the overall amplification is the sum of 
the individual gains. ms 

To analyze the overall performance of a multistage amplifier, it is necessary 
only to determine the numbers to use in an equation such as (7-5). Ry will 


undoubtedly be known, but the determination of Rj is not as simple as — 
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might be desired. R;4 depends upon the load on block A, and the load on 
block A is the input resistance of block B, and so on. Similarly, in order to 
calculate any of the A; terms, the input resistance of the following block must 
be known. Therefore, it may be concluded that in order to predict the operation 
of a multistage transistor amplifier, it is necessary to proceed from the last element 
(or block) and work forward toward the initial block. 

In order to determine the output resistance of a cascaded circuit, an excep- 
tion must be made to the rule quoted in the preceding paragraph, namely 
that analysis must proceed from the final element toward the initial element. 
Output resistance depends upon the properties of the driving source, and 
therefore its calculation is not possible until all preceding elements are ade- 
quately specified. 

The frequency response of composite circuits may be considerably poorer 
than that of an individual stage. As a chain is no stronger than its weakest 
link, so a cascade amplifier is no wider than its narrowest stage (in the absence 
of external feedback). If the stages are more-or-less identical, overall per- 
formance may be entirely unsatisfactory, even if the response of each indi- 
vidual stage contains a safety factor. 

The upper half-power frequency for n identical stages is to be investigated. 
It is defined by reduction in voltage (or current) gain to 1/ 4/2 of the mid-band 
value. The gain of each stage ideally declines with increasing frequency ac- 
cording to the relation 

Amia 


A = ———_.. 
V1 + (f/fn)? 


fn represents the upper cutoff frequency of a single stage. Now if the overall 
performance of the cascade amplifier (Ar) is equated to that of the composite 
stages, at the frequency of interest we have 


Ar : ( Ania y 

V2 as ee mae 

Note that the gains Ar and (Amia)” at the mid-frequency reference are 
identical. 


Mathematical manipulations give 


a" = 1+ (fy 


(7-12) 


from which 
f=fiVonm — 1. (7-13) 
I'q. (7-18) is an expression for the upper “cutoff” frequency (response 3-db 
down) for a multistage circuit consisting of n identical stages. 
At the low-frequency end of the spectrum circuit gain can be approximated 
by 
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Amid 
A=" 
V1 + (fi/f) 


fi represents the lower half-power frequency of a single stage. Hence, low- 
frequency cutoff is at 





(7-14) 


een 
a/giln — 


A numerical example is illuminating. Consider three stages in cascade, 
each with f; = 20 cps and f;, = 20,000 cps. From Eqs. (7-13) and (7-15), the 
overall bandwidth is found to be 39 cps to 10,200 cps. It is obvious, there- 
fore, that the bandwidth reduction resulting from the cascading of stages is 
an important design factor; it may be overcome by designing all stages to have 
broad response, or by the use of feedback (treated in Chapter 8). 

7-2. Analysis by Kirchhoff’s Laws. An alternate method of obtaining 
performance information for a multistage amplifier is by solution of the com- 
posite equivalent circuit. When a large number of stages are included, or 
when feedback loops are evident, the solution of the simultaneous circuit 
equations becomes a laborious task, and often the results of such a study are 
not worth the time devoted to it. The procedure is identical with that used 
in Chapter 4 to analyze single-stage circuits; the equivalent circuit must be 
drawn, loop or nodal equations written, the equations solved to determine 
the unknown voltages and currents, and finally, the ratios of the important 
quantities determined. 

Fig. 7-2 gives the equivalent circuit, in terms of T-parameters, for two 
common-emitter stages in cascade. The literature contains other examples.! 


OM, 


f (7-15) 


i On Ten bop 
ater, (Lay) ha Tea, (I-0ty) 






% 


Fig. 7-2. Equivalent circuit for two common-emitter stages in cascade. 


Examination of the figure will disclose an Rz1, the purpose of which is to lump 
any collector-return resistance for stage one and base-bias resistance for stage 
two into one element. Often this is not necessary, for the input resistance 
of the second stage may be small enough so that it will be the only significant 
load upon stage one. Notice that the equivalent circuit excludes other 
biasing resistances. 

Let us write loop equations for the circuit, excluding Rz): 
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0; = Y (ro + %e1) + tore, 
0 = —4(arrer — rer) + talrer(1 — a1) + reo + reo + rer] + igen} (7-16) 
0 = —ig(aerce — Tez) + tg[reo(1 — a2) + reo + Riv. 

Solution of these equations for the ratio of 73 to 7, gives 

(aire — Te1) (aco — Te2) 


ee — a) +102 + Pee + Perllrea(1 — ae) + Peo + R12) ) 


+ re2(aerc2 — Teo) 





(7-17) 


Th. F : , 
i . a ale expressions for A,, G, R;, and R, are unwieldy and will not be 


If both transistors are operating at the same point and can be considered 
to have the same parameter values the gain equations can be simplified. Thus 


= (are —= Te)” 
[rel — a) +175 + 2rel[re(l — a) +r. + Rr] + re(are — re) 


and voltage gain, ig3Rz2/v;, is 


t 


» (7-18) 


_ (are = re)" Rro 
ie + r){[re(L — a) + ry + Qrelire(l — a) + re + Raal) 
+ relare — re)} + (are — re)relre(1 — «) + re + Rural! 


These equations may be further simpli i 
plified by assuming that r, > 
and Rr2 > re. Then ey eee 


(7-19) 


or 2 


[re(1 — @)][re(1 — a) + Real + reare 


iS (7-20) 
and 

or’Rro 
[(re + 70){Ire(l = a)]fre(1 — @) + Ris) + arere}) 
lL + arerefre(1 — a) + Rig] 
To include Ry, we may write four loop equations. The complete gain 


expressions are very lengthy. If the simplifying assumpti i 
employed, pilying mptions are again 


ae or? Rr1 
[Rua + re(1 = a)M{Rra + ro + rellre(l — a) + Real) 
+ arer[re(l — a) + Rx] — Rrv{re(l — &) + ial 
Derivations of other performance relationships are left to the reader. : 


7-3. Analysis by h-Parameters. The h-matrix parameters offer a means for 
determining cireuit performance that is somewhat more general than the 





A,& 


(7-21) 


(7-22) 
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conventional method described in the preceding section. Consider the two- 
stage equivalent circuit of Fig. 7-3. The parameters are simply hi, hr, hy, and 
ho, Without designation of the configuration employed, and the single prime 
represents the first stage whereas the double prime stands for the second stage 
parameters of the cascaded pair. 

If a load is attached at the output terminals and a source at the input 
pair, equations can be written for A;, A», G, R:, and R, in terms of the general 
hi Hf : 





Fig. 7-3. General h-parameter equivalent for two stages. 


parameters. Should stage one be common-base and stage two be common- 
emitter, then h,’ = his, ete., and h,’’ = hie, etc. Therefore, one set of per- 
formance equations can suffice for the nine possible combinations of the three 
configurations connected as a pair. Such equations will not be offered here. 

A somewhat simpler means of finding the operation of the cascaded pair 
is to find the h-parameters of the entire circuit, not just for individual tran- 
sistors. It must be remembered that a complete circuit such as that of Fig. 
7-3 may have an h,, which is defined as the “input impedance with output 
a-c short-circuited,” and likewise an h,, hy, and h,. To determine these h- 





Fig. 7-4. Simplifications of Fig. 7-3: (a) cireuit for determination of hi and ha; 


(b) circuit for determination of fiz and hee. 


parameters for the composite circuit, Fig. 7-3 may be simplified to that of 
Fig. 74a for the calculation of h; and hy, both of which require that the a-¢ 
output be short-circuited. Fig. 7-4b may be used to calculate h, and h,, for 


each require that the a-c input circuit be opened. The results of such an- 


analysis follow: 
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ey hi!’hy hy! 

h; = — = h/ a 9 baa 
ty hif’ho’ +1 es) 

‘ ig hj'hy” 

fe SS ee = 
Uy hil'ho + 1 y 2H) 

pe e a heh,” 

"eg hile! + ‘if Weer 
ig he Te he 

he = — = ho!’ — ————- (7-26) 
é€3 h; Ne + 1 


After determination of the composite parameters, they can be used in the 
general equations of Table 4-4. Those equations are listed here for con- 
venience: 


FL 

” he + Ry a® ai) 

hy 

ear Ear (7-28) 
R= Apt R,A" 

Te (29) 

_ Atk, 
oS ca) 


Note that biasing resistances have been assumed to be of no consequence in 
the preceding derivations. 

7-4, Design of Multistage Amplifiers. The remainder of this Chapter is 
devoted to two multistage amplifier design examples. The purpose in pre- 
senting these designs is to familiarize the reader with complete circuits and 
the complexities involved in the design of cascaded amplifiers. 

The designs presented here are incomplete in the sense that further in- 
vestigations may be warranted to simplify the circuitry, improve efficiency 
provide more adequate feedback, design power supplies, and investionte 
interchangeability and temperature limitations. 


Design of a 10-Watt Servo Amplifier 
Object. Design an amplifier to meet the following specifications: 


1. Rated load power: 10 watts 
2. Load: 500 ohms (resistive) 
8, Overload capacity: 25% 
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4. Input signal to give rated output = 0.25 volts into 10,000 ohms 
(or greater) 

5. Carrier frequency: 60 cps 

6. Ambient temperature: 25° C 

7. Supply potentials available: 28 and 6 volts 


Solution. 
; General 


The minimum power gain required is 


Po 10 
G = — = ————— = 1,600,000 or 62 db. 
P; = (0.25)?/10K 


A Class-B push-pull output stage can handle the required load power and 
provide a gain of 25-30 db. A stabilized (local feedback) driver stage can 
provide 20-25 db, so a low-power amplifying stage will also be necessary. 
Type 2N43 and type 2N539A transistors are available. Transformer coupling 
will be used where applicable. 

The design will proceed according to the block approach, commencing with — 
the final stages and working toward the low-level stages. 








Fig. 7-5. Conventional Class-B push-pull output stage with biasing network to 
compensate for crossover distortion. 





Maximum dissipation at 50°C! 





Ic in amperes 


Push-pull Class-B Power Stage 


Limit of swing for Py, 











—10ma. 


To supply 10 watts (Prz) to the load in Fig. 7-5, +———10 
: Pry .10 
Transformer primary power = —— = —~ = 18.33 watts 
n 0.75 25-ohm load line 


where 7 represents the efficiency of the output transformer (assumed to be — 





75%). The stage must be capable of handling 





(125%) (18.33) = 16.7 watts 








+—— k ——+ 





Each power transistor is required to supply a maximum of 8.35 watts. 
The symbols Ic’ and Vc’ are explained by Fig. 7-6, and represent maximum 
swings in output quantities. For each transistor, under overload conditions, 





Ve'Ic' 


Pmax = 4 





Since this is Class-B 
Vel & Ecc = 28 volts, 


_ 4(8.35) 
moe 


so 
Vo! = 28 


I’ -_— = — 
Io’ 1.2 





= 1.2 amps. R, = 











ig. 7-6. Output and input characteristics for the 2N539A, shown on one set of axes. 
(This curve is not included in the section of Appendix I devoted to the 2N539A.) 


Therefore the load to be supplied by each transistor is 


& 25 ohms, 
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For the entire primary, the reflected load resistance 1s shows input-circuit characteristics (replotted from the information of Fig. 


7-6). When Ip = 0, approximately 0.2 volts is required from base to emitter. 
To eliminate this type of distortion, a circuit composed of Ezz, Ra, and Ry 







Ree = 4(25) = 100 ohms. 


(If the factor of 4 is not clearly understood, a proof based upon turns ratios 
is suggested.) 
Full load for each transistor is 


13.33 
Prt = aa 6.67 watts. 











2 
a) 
Refer again to Fig. 7-6. To find the actual swings for rated full load, ATc and 4 
AVc, make use of the laws of similar triangles Re 
(AIc)(AVc) -05 
(7 in ar 
4 
_ Ie )(RVc!), 
4 


Thus k? = 0.795 and k = 0.891. Therefore Fig. 7-7. Input characteristics for the 2N539A (obtained from Fig. 7-6). 


Se. Ps . . 
Alc = kIc’ = 1.1 amps, will be designed to put +0.2 volt on the emitter. Assume 


AVc = kVc’ = 25 volts. Ra = 1 ohm. 


_F Since 
To drive an 2N539A to 1.1 amps and through a 25-volt swing requires — Engr = 6 volts, 
(from Fig. 7-6) then 
Alp = 18 ma, EzrRa 
ae 
AVzr = 1.1 volts. Therefore 7 : 
Therefore the required input power is gained 
The bias-power dissipation in th i i 
(AIp)(AVan) (18 X 10-3) (1.1) es p p in these resistors is 
Pie aero s re mw. P = (0.2)?/1 = 0.04 watts in Ra, 


P = (5.8)?/29 = 1.16 watts in Rp. 


The values obtained for R, and R, are approximate and must be checked by 
laboratory methods. 


Input resistance is to be determined, 


Nominal power gain per stage is 


Pri 6.67 


G = — = — 3 
P; 4.95 X 10 


= 1350 or 31.3 db. 


The gain, including output transformer losses, is 


G = (0.75)(1350) = 1012 or 30.0 db. 


Hz (published) & 60 ohms (at peak of input signal). 


i 


The one-ohm emitter resistor affects input resistance according to 


1.1 
R; & BRy + Hie = Gas) ‘ 
iS BRe + Aye ia x 1078 (1) + 60 = 121 ohms. 


Total power to be supplied from the preceding stage = (2)(4.95) = 9.9 mw. 
A bias circuit to prevent crossover distortion is necessary. Figure 7-7 
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Total secondary impedance of the input transformer = 4(R,) = 484 = 500 
ohms. The bias circuit will cause degeneration of signal and therefore a loss 
in amplification. Since the one-ohm resistor doubles input resistance, it will 
cause a loss of 50% in stage gain (3 db), but because the biasing circuit is 
not positively defined until laboratory correlation is made, this loss will not 
be figured into the calculations. 

Although this design used the information displayed in Fig. 7-6, calculations 
based upon the 2N539A curves of Appendix I, namely those involving Hrz 
and Hyp, could have been used along with 


G= (Hrs) Ro 
Hz 


Driver Stage 


To supply 9.9 mw to the output stage with an assumed interstage trans- 
former efficiency of 60%, the driver must be capable of handling 


Pry = a = 16.5 mw, 
0.60 
and, with overload capacity included, 
Prax = 16.5(125%) = 20.6 mw. 
A 2N43 is capable of this loading and will be used for TR1 and TR2. Examine 


the diagram of Fig. 7-8. Single-battery bias is employed, with operating- — 


point stability offered by Riz and Reg, and gain stabilization by Ree. Since 
Ecc is fixed, the d-c load line will have a slope of —1/3500 from 28 volts; 
this can be seen on the characteristics of Fig. 7-9 (200 ohms for the transformer 
resistance, 3000 ohms for Riz and 330 ohms for R,z). An a-c line of 4000 ohms 
drawn through the Q point will allow generally undistorted output power of 


(AIc)(AVcr) _ (7.4 X 107) (30) - 
8 8 


28 mw 


The operating point chosen is 
Io & Ig = 3.75 ma and Vor = 15 volts, 


and the circuit elements are as shown in Fig. 7-8. Reg will be determined 
experimentally. 
The nominal values of the parameters of a 2N43 are 


hyp = —0.977 hi = 29 ohms, 


hy = 5X 1074 hop = 0.8 X 107° mho. 
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To output 
stage 
T, 
Input 
Ry,=20 K Rs =4.7K 
ela Pas Ca =Cc2=10uf or greater 
Res ae Ca =Ce2z=50uf or greater 
Reus T1 =12000:6000 ohms 
a x ae Tz =4000:500 ohms 
Re=100K TR1=TR2 = 2N43 
Fig. 7-8. Circuit diagram for low-power stages of design example. 
| —10 
S 
iy 


7.5 







3.5 K d-c load line 


4 K a-c load line 


0 -5 —10 —15 —20 —25 . oq80 35 
p= AVY 


Vog in volts 


Fig. 7-9. Load lines on the collector characteristics of the 2N43. 
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Corrections must be made because the chosen operating point differs from the 
recommended point, 


for hye = (1.8)(1.3) = 1.7, 
for hy,» = (1.3)(0.6) = 0.8, 
Therefore the corrected parameters are 
hy = —0.986, hip = 8.7 ohms, 
hry = 4.0 X 107%, hop = 1.4 X 10~° mho. 


for hy = (0.3)(1.1) = 0.3, 
for hop = (3.0)(0.6) = 1.8. 


Power gain: 
hyp? Rr 


(—0.986)?4000 
~ (8.7 + 330)(1 + 4000 X 1.4 X 10-*)(0.0056 + 0.014) 
= 580 or 27.6 db. 
Input resistance: 
(hin + Re)(1 + Rrhov) 
”" Reha + (1 + hyo) 
17,500 ohms for the transistor. 


ll 


The required power at the base is 


Pry 16.5 X 1073 





= 28.5 uw, 
G 580 
and 
; E 10~° 
Proox = nal Gales = 35.9 uw. 
G 580 


R, of this stage is paralleled by Rog and R3g. If Ree is large, then the input 
resistance of the complete stage is 3700 ohms. 


1st Amplifying Stage 


Refer to the d-c load line of Fig. 7-9, which starts at 28 volts and has a 
slope dictated by approximately 25,000 ohms; 20 K for a load and 5 K for Ry. 
An operating point is chosen at 


Ic =&Ig =1ma, and Veg = 5 volts. 


The a-c load on this stage is 20 K paralleled by 3.7 K in series with 330; 
thus 3450 ohms, 
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The coupling network, Roz and R32 and Rz,, results in only 18% of the 
first-stage output power being delivered to the second transistor base. This 
is rather severe, and should be corrected in a later design. 

The first stage must be capable of supplying 

28.5 X 10-% 158 
= ——___ = Ww, 
7 0.18 : 
35.9 x 1073 
0.18 


Parameters need not be corrected because of the Q chosen. With a feedback 
resistor of 330 ohms, calculation of power gain yields 


G = 355 or 25.5 db. 


and 


Prine = 200 BW. 


Calculation of input resistance gives 
R; = 14,100 ohms. 


If Ri is chosen to be 10,000 ohms, then the input resistance of the entire 
first stage is 6000 ohms. Since the specifications require a 10 K input re- 
sistance, the input transformer impedance ratio should be 2:1 or greater. 


TRANSFORMER SPECIFICATIONS 


Output Driver Input 

Maximum primary 

power 16.7 w 25 mw ew 
Impedance ratio 100CT: 500 4000:500CT 12,000: 6000 
Turns ratio—N,:N2 0.447 2.83 1.41 
Unbalanced d-c in 

primary none 5 ma none 
Maximum primary 

60 ~ voltage 20 (rms) 11 (rms) 2 (rms) 
Minimum primary 

inductance 0.5 tune tune 

PERFORMANCE SUMMARY 
Power Out Gain Power In 

Output transformer 10 w 0.75 13.33 w 
Output stage 13.33 w 1350 9.9 mw 
Driver transformer 9.9 mw 0.60 16.5 mw 
Driver stage 16.5 mw 580 28.5 uw 
Coupling 28.5 ww 0.18 158 yw 
Ist stage 158 uw 355 0.45 uw 
Coupling including 

input transformer 0.45 ww 0.25 1.8 ww 

P, 10 


Overall power gain = = 5.5 X 10° = 67 db 


P, ~ 18x 10-9 
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Results and Conclusions. The amplifier designed here was built and tested 
and the following notes pertain to its performance: 


(a) Overall gain 66 db vs. 67 db calculated. 

(b) Ra; = 40,000 ohms and R22 = 16,400 ohms. The best value of Ry to 
eliminate crossover distortion was found to be 85 ohms. 

(c) Input resistance was found to vary from 9700 to 11,500 ohms, depending 
upon input signal level and the frequency of that signal. 

(d) In order to meet the requirement that 10 watts be delivered to the load, 
the 28-volt power supply must be well regulated for the amplifier draws nearly 
an ampere from the supply. 


Because this design is inefficient in some aspects, and represents a “first — 
design,” it is recommended that the reader consult Problem 7-9, and discuss 
or study the design in order to use the information already derived to suggest 
improvements and establish goals for a second, or improved amplifier design. 


Design of a Three-Stage Transistor Amplifier 

Object. Design a three-stage R-C coupled, low-power, high-gain transistor 
amplifier to serve as a basis for laboratory investigation of multistage feedback. 
The specifications to be met are: 


. Load: 50 ohms (resistive) 

. Nominal frequency: 400 cps 

. Ambient temperature: 25° C 

. Supply potential available: +14 volts 
. Open-loop power gain: 10°, or 80 db 


orWwWnNe 


Solution. 
General 


No local feedback will be utilized. Three common-emitter stages are neces=) 
sary and will be designed using available 2N475 silicon transistors. 
The circuit of Fig. 7-10 depicts the three amplifying stages in cascade, 
Fixed biasing will provide a fairly stable operating point because the 2N475, 
being silicon, has a low leakage current. 


PARAMETERS FOR DESIGN EXAMPLE 


Values Corrected for Operating Point 





Parameters Nominal Value Output Stage 2nd Stage Input Stage 
hi» (ohms) 60 21 60 120 

hyp 4 xX. 1074 3.4 x 10-4 4x 10-4 4 x 1074 
hyp —0.97 —0.97 —0.97 —0.97 

hop (mho) 0.5 x 1078 1.4 X 107° 0.5 X 107° 0.35 & 10 
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C,=C,=C3= 5yf 
Ry =15,000 ohms 


R,., = 540,000 ohms 
R,. =335,000 ohms 


Rz2=8,000 ohms R,3 =85,000 ohms 
R,=50 ohms T,, = 1500:50 CT ohms 
Ecc= +14 volts 


Fig. 7-10. Three-stage high-gain amplifier. 


Output Stage 


The 50-ohm load will be transformer-coupled to the 3rd or output stage 
for insufficient power gain may result with capacitive coupling to such a 
low-resistance load. An impedance ratio of 1500:50 is achieved with the 
particular transformer available. 2000 ohms is the reciprocal of the slope of 
the ms see eee the transformer is assumed to have a primary d-c 
resistance o ohms. This f i - i i 

Phe fee act dictates the d-c load line. The operating 


Ic=5ma and Vopr = 11.5 volts, 


and thus, from the curve of Fig. 7-11, Iz = 160 wa. The 2000-ohm a-c line 
is shown in the figure as passing through this Q point. 

A rough calculation can be made to determine Res. From the manufactur- 
or's literature, the voltage drop Vgz = 0.7 volt. Therefore 


14 — 0.7 
Ro3 = ———_—_ 
160 x 107° 
but must be checked by laboratory methods. 
he maximum power delivered by this stage before clipping occurs is 
(AV3) (ATs) (19)(9.2 & 107%) 
8 8 


= 85,000 ohms, 


= 21.9 mw. 
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Ig =1ma and Veg = 6 volts. 
Thus 





Ip = 40 Ma. 





This is the manufacturer’s specified typical operating point so no correction 
need be made to the parameters. 
The resulting a-c load on the stage is 


(8000) (660) 
8000 + 660 


which dictates the a-c load line. The signal loss in Ry» is 




















= 610 ohms, 




















SY, 100% = 7.6% 
8660 Re wee ae 





a-c line 
+— 


=! 











The power gain formula, Eq. (4—-54A), is again used and yields 
G = 315, or 25 db. 
Input resistance, from Eq. (4-55A) is 





1 


Pa 
bj — AT,—>4 
































R; = 2000 ohms. 
This stage is capable of a maximum (unclipped) output power of 
(AV2)(Al2) _ (1.2)(2 x 107) 

8 8 


Stage #3 requires only 8.1 uw. A 7.6% signal loss in Rz2 means that the 2nd 
stage output should be 8.1 + (0.076)(8.1) = 8.7 uw. Since 300 uw is avail- 
able, the design is satisfactory. 


_ 4-06 
= 40 x 10-6 


‘This must be checked experimentally. 
The power supplied to the second stage must be less than 


300 xX 107° 
315 


in order for that stage not to be driven into cutoff. 





= 300 pw. 
Fig. 7-11. Output characteristics, sample amplifier design. 


If we assume an efficiency of 60% in the output transformer, then correspond- 
ing load power is approximately 13 mw. oon 

The stage gain can now be calculated. Refer to the listing of parameter 
values. As in the preceding amplifier design examples, Eq. (4-54A) will again 
be used to determine power gain. 


G = 2700, or 34.3 db. 


22 = 335,000 ohms. 


Input resistance is determined by substitution of values into Eq. (4—55A) 


R; = 660 ohms. = 0.95 UW 


Second Stage 





The load on the 2nd stage consists of the input resistance of the 3rd stage 
in parallel with Rzz and Roz. The maximum signal power that must be 
passed on to the 3rd stage is 21.9 X 10-8/2700, or 8.1 pw. Because this is 
such a low number, it is possible to choose a fairly large value of Rie. Selection 
of 8000 ohms for Rz2 permits the operating point coordinates to be 


Input Stage 


Selection of 15,000 ohms for Ry; permits us to choose an operating point at 


Io =0.5ma and Vey = 6 volts. 
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Thus 





Ip & 25 pa. 


Corrections must therefore be made to the parameters. 
The load on the input stage is the 2nd stage input resistance paralleled by 
Ry, and Rog. Ree will be very large, so essentially the load is 
(15 K)(2 K) 


= 1770 ohms, 
15K+2K 


which dictates the a-c load line. Loss of signal in Rz; amounts to 2000/17,000 
or 11.8%. 
The stage power gain is 


G = 450 or 26.5 db, 


d 

sie R; = 3900 ohms. 
Also 

— 0.55 

Ro = vuteloas = 540,000 ohms. 
25 X 107% 
This must be checked. 
Summary 


Calculated power gains are summarized: 


Ist stage 450 
Ri 0.78 
2nd stage 315 
Riz 0.76 
3rd stage 2700 
Output transformer 0.60 






Overall calculated power gain = 1.4-X 10%, or 81 db. _ 
The amplifier was constructed and measurements indicated a power gain 


of 86 db. With the power supply and transistors used, Rg, R22, and Ro3 were 
820 K, 470 K, and 82 K ohms respectively. 


PROBLEMS 


- . (7-16) through (7-22). 
es Sarlcte a Bates in eee to supply a 2000-ohm load, 
Each has the following parameters: h;, = 50 ohms, h,, = 10~*, hye = 60 a 
ho = 10~® mho. 
(a) Calculate the power gain of the pair if the first is connected commo 
base and the second common-emitter, 
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(b) Calculate the current gain of the pair if both transistors are being 
operated common-emitter. 

To arrive at answers to parts a and b, utilize the composite h-parameter 
method. 

7-3. Consider the circuit shown in the accompanying figure. Base-biasing 
resistances are very large and may be neglected. Bypassed resistances are 


R= R= 
25K 25K 
Problem 7-3. 


assumed to have no effect upon circuit gains and impedances. Each transistor 
has re = 25 ohms, r, = 180 ohms, 7, = 10° ohms and a = 0.975. You are 
asked to calculate the following by using any convenient method: 

(a) The current gain of the composite amplifier. 

(b) The input resistance of the composite amplifier. 

7-4. For the two-stage circuit of Problem 7-3, calculate the following: 

(a) The overall voltage gain. 

(b) The amplifier output resistance when the first stage is connected to a 
source of 4000-ohms internal resistance. 

7-5. Three non-identical stages are cascaded. From the data given below, 
determine the overall bandwidth. 


Sn (cps) 


hi (cps) 
Stage one 30 42,000 
Stage two 44 50,000 
Stage three 60 80,000 


7-6. Show that an iterative (repeating) arrangement of common-base 
stages with direct or capacitive coupling provides no usable power amplifi- 
cation. 

7-7. A particular coupling transformer is designated as 4000 CT: 1000 CT, 
(the numbers represent the nominal impedance ratio, and CT indicates that 
the center tap of each winding is brought out. For this transformer, calculate 
the following. 

(a) The resistance reflected into the entire primary if the entire secondary 
in connected to 400 ohms. 

(b) The reflected resistance if each half of the secondary is joined to 400 
ohms, 
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(c) The resistance reflected to one half of the primary if the entire secondary 
is connected to 900 ohms. 

7-8. For the servo-amplifier design example, calculate the following, using 
' 9N539A information available in Appendix I: 

(a) The power being dissipated at the collector junction of each Class-B 
transistor at maximum overload. 

(b) The minimum size of a vertical, square, 3’; inch, aluminum heat sink 
necessary to keep junction temperature below 60°C in a 40°C ambient. 
Allow 1.0° C/w for the washer. 

7-9. Study the low-power stages of the servo-amplifier design example. 

(a) Comment upon the possibility of voltage breakdown. 

(b) Calculate the stability factor (S) of each stage. 


(c) Discuss the inefficiency of the biasing and coupling circuits. Suggest — 


a biasing arrangement making use of the +6 volt supply. 

7-10. The frequency response requirements for the second design example 
dictate a bandwidth (3-db points) of from 100 eps to 800 cps (minimum). 
Allow 0.5 db for each of the coupling circuits. 


(a) Calculate the size of the coupling capacitor needed between a source — 


of 600 ohms and stage number one. 
(b) Calculate the size of the coupling capacitor needed between stage num- 
ber one and stage number two. 
7-11. “Decoupling” is usually necessary in high-gain multistage circuits, 
(a) What is decoupling? 


(b) How can decoupling be incorporated into the second design example? - 


Sketch. 


Design Problems. In the problems that follow perform the operations | 
necessary in order to obtain a circuit that will meet the listed requirements. 


For each solution, select transistor types from Appendix I, and choose a biasing 
arrangement. Correct the design-center parameters for operating point and 
temperature, and in each solution itemize any assumptions made and clearly 
indicate the steps leading to your choice of each component. 

7-12. Requirements: 


. Carrier frequency: 800 cps 

. Load resistance: 100 ohms 

. Input resistance: 2000 + 200 ohms 
. Load power: up to 5 watts 

. Power gain: 45 db (minimum) 

. Temperature: 0 to 50° C 

. Supplies available: designer’s choice 


NOOK WN eH 


7-13. Requirements: 
1, Frequency response; 10,000 to 30,000 eps 
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. Load resistance: 1000 ohms 
3. Input resistance: 10,000 + 1000 ohms 
4, Voltage gain: 100 minimum (ratio of load voltage to amplifier input 
voltage) 
5. Source characteristics: resistance of 10,000 ohms in series with a 
generator of 0 to 10 mv 
6. Temperature: 25° C 
- 7. Power supply available: +10 volts 
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Chapter 8 





FEEDBACK 








The discussion of transistor equivalent circuits and parameters presented 
in Chapter 4 led to the conclusion that circuit gain is “at the mercy” of param- 
eter variations. It is also true that input and output resistance, frequency 
response, and phase shift are highly dependent upon transistor parameters. 
Parameter variations are due to many causes: manufacturing tolerances cause 
units of the same type to differ; aging of semiconducting materials results 
in parameter changes; operating-point shift, frequency, and climatic condi- 
tions also have a strong effect upon the resistances and capacitances of the 
transistor. 

To overcome the expected variations, feedback, the addition of a portion 
of the output signal to the input signal, is employed. Reduction of the mag- 
nitude of the input signal by addition of a feedback signal is called inverse, 
degenerative, or negative feedback, while an increase in total input due to this 
summation is termed direct, regenerative, or positive feedback. The use of 
negative feedback is widespread and will be the only type considered here, 
although positive feedback certainly is employed in oscillator circuits and 
occasionally in radio-receiver circuits. 

8-1. Feedback—General Theory. The block diagram of Fig. 8-1 can be 
used to illustrate feedback in an elementary way. The output voltage Vo of 
an amplifier with a voltage gain of A supplies a load; v, is also available to 
the feedback network, and By,, a fraction of v, is added to the input circuit, 
(B, as used here should not be confused with beta, the common-emitter short- 
circuit current-amplification factor.) The nominal amplifier gain is 

Vo 


Amen 
v; 


(8-1) 


If we take polarities into account A will normally be negative and may 
complex. B normally will be positive, and also may be complex. In t 
presence of a feedback signal a summation at the input yields 
vj = e¢ + Brg. (8- 
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The voltage amplification of the composite network is 


sete & a 


po. gy ee A, 8) 


Eq. (8-3) will now be interpreted. In the absence of feedback (B = 0), the 
amplifier exhibits a gain of A. If 
the magnitude of the denominator is 
greater than unity, the overall am- 
plification will be less than A and the 
feedback is degenerative; the con- 
verse of this statement also applies. 
If the entire output voltage is sup- 
plied to the input (B = 1), the com- 
posite gain is less than unity. When 
BA = 1, the resultant gain is infinite, and the circuit has an output inde- 
pendent of any external input voltage. 
If |BA|> 1, then the amplification approaches 





Feedback 
Netgork 


Fig. 8-1. General feedback diagram. 


1 
ar = 
A; FS (8-4) 
Iq. (8-4) signifies that gain is independent of elements in the forward path. 
Because B is usually a passive network, A must be very large to satisfy the 
condition specified by Eq. (8-4). Since B is usually a fraction, Ay can be a 
large number. Aging, tolerances, and temperature would certainly have 
negligible effect upon an amplifier that behaves according to Eq. (8-4). 

The price to be paid for the advantages of feedback (they will be considered 
in detail in the following sections) is reduction in overall gain. A given 
amplifier having an open-loop gain of A, will have a closed-loop gain of less 
than A because of incorporation of any negative feedback circuitry. But the 
advantages of feedback are so numerous that it generally pays to design our 
original amplifier with sufficient gain so that added feedback will not reduce 
gain below the desired value. The inclusion of additional gain to offset feed- 
back losses is a small price to pay when compared with the advantages as 
indicated in the sections to follow. 

Stabilization of Gain. The performance of a feedback amplifier of gain 
Ay; is to be compared with that of an unstabilized amplifier having open-loop 
gain A. Of course, for A, when a change in amplification is experienced, 


dA A 
dA 
By Eq. (8-8), for the amplifier with feedback, 


(8-5) 
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ees “a (4): (8-6) 
dA 1—BA\A 
We may conclude that the feedback amplifier will show a much greater sta- 
bility with respect to the internal factors that cause gain changes. : 
Consider an amplifier with a gain of —10*. The fraction B is to be zO- 
Then, from Eq. (8-3), feedback will reduce the gain to approximately — 100. 
For a 10% variation in forward gain, the overall gain of the feedback amplifier 
will suffer less than a 0.1% change. Variations in gain will be reduced by the 
same amount as forward gain. 
Reduction in Distortion. In earlier discussions it was evident that nonlinear 
distortion increases with the swing or level of the output signal, and hence 
may be some function of v,: 


D = f(v). (8-7) 


Consider that D is being generated in the final stage of an amplifier. The 
output voltage including distortion (v,’) is given by 


Vo) = Vo + D, (8-8a) 
and 
vo = Av; + D.z (8-8b) 
The new equation at the summation point is 
v7 = ey + Buy + BD. (8-9) 
So | 
Vo = Ae; + ABv, + ABD, (8-10a) — 
and 
vo = ae + ee. (8-10b) 
°1-—BA 1-—BA 
Therefore 4 e 
e; 
r= = +. —____., (8-11) 
te ae Peo BA 


The distortion factor for a closed loop system is 


D 


De —— 
wo > Aree Pek 


Since |1 — BA| is usually much greater than one, nonlinear distortion will 
be reduced by a factor equivalent to the amount of gain reduction. 
It may seem reasonable that if one is reducing amplifier gain by the addi- 
tion of feedback, signal swings will be proportionally reduced and therefore 
nonlinearities will be less evident in the output of the feedback circuit, This 
reasoning is true, but reduction in signal amplitude was not of concern in 


(8-12) | 
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the above analysis, distortion having been handled by using a lumped term 
D, rather than f(v,). The reduction in the harmonic content of the output 
voltage can be visualized if we consider that we are sampling the distortion 
and adding the amplified, out-of-phase sample to the original distorted wave- 
form in order to cancel a portion of it. It is important to realize that output- 
signal swing can be the same with or without feedback. 

Reduction in Noise Content of Output. Noise or extraneous signals may be 
reduced by the addition of feedback, but, under certain practical conditions, 
the overall noise level may be increased because of the requirement for higher 
forward gain and thus more stages of amplification. 

Consider the diagram of Fig. 8-1 with another input signal en, which can 
be assumed to be a noise voltage introduced in the first stage. Eq. (8-2) 
becomes 


v;/ =e; + Buy t+ en. (8-13) 


Since this equation tells us that the noise signal will be treated in the same 
manner as @;, é, will be reduced by the same amount as ¢,, namely 


— en 
Tee BA 


Cn! 


(8-14) 


Feedback has no effect on the signal-to-noise ratio. 

Change in Input Impedance. Input impedance of a multistage amplifier 
Without feedback was given in Chapter 4 as a function of Rx, hiv, hy, and 
hop. From Fig. 8-1, in the absence of feedback, the corresponding relationship 
is 

ey UA 
5 Baler (8-15) 
Uy ui 


With the feedback loop closed, Eq. (8-15) becomes 


v; — Boy 
Ziy = +——. (8-16) 
Uy 
Since 
Vo = Av;, (8-17) 
then Eq. (8-16) becomes 
vi(1 — BA) 
Ly =. (8-18) 
uy 
‘Therefore 
Zit = Z(1 — BA). (8-19) 


The presence of the (1 — BA) term indicates an increase in input impedance 
due to closing of the loop, 
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Change in Output Impedance. The method used previously for determining 
output impedance is to connect a hypothetical generator of voltage e, across 
the output terminals of a circuit or device and measure or calculate the 
current 7, with the input short-circuited. Then, for the amplifier without 
feedback, 


Cin (8-20) 


0 


With the feedback loop closed, as in Fig. 8-2, 


v; = Be. (8-21) 
The output loop current is 
in = Ge = BAC, (8-22) 
Zo 

Therefore, the effective output impedance is 

€ Zo 
=2=——_. (8-23) 

ae BA | 


The conclusion that can be drawn is that output impedance is reduced by 
the addition of inverse feedback. 


case, by the paralleling of Z, by the 
feedback network, because in the 
treatment given here it was assumed 
that no current was drawn from e, by 
the feedback network. 

Increase in Bandwidth. To inves- 
tigate the effects of feedback upon 
the bandwidth of a circuit, we must 
assign frequency dependence to the forward amplifier gain. A good assump- 
tion may be that 





Fig. 8-2. Feedback diagram for calcula- 
tion of output impedance. 


Ae 
y neon ee 
1 + Jf/fsap 


where fab, a8 used in Chapter 5, is the upper cutoff frequency, and A, is the 
mid-frequency reference gain. Substitution of Eq. (8-24) into Eq. (8-8) 


yields 
A, 


Dy ie eens 
11 = BAs +t if/fea 

Now the denominator will be of the form K + jK when 

S/fsav = 1 — BAg. (8-26) 


(8-25) 


This reduction is not caused, in this 


(8-24) 
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Eq. (8-26) indicates that the new cutoff or half-power frequency (f;) occurs at 
fy = fsa. — BA,). (8-27) 


In conclusion, the upper cutoff frequency has been increased, and the band- 
width extended by an appreciable amount. For analysis of low-frequency 
performance, see Problem 8-2. 

Conclusions to General Feedback Theory. The preceding discussion of 
operational properties serves to provide a basic understanding of the reasons 
why negative feedback is so frequently employed in electronic circuits. The 
discussion was limited to what is usually called “voltage” or “shunt” feedback; 
the output voltage is sampled, operated upon by the feedback circuit, and fed 
into the input circuit. It is also possible to employ “current” or “series” 
feedback in which the load current is sampled (usually by using the potential 
drop across a small resistor in series with the load), and this signal fed through 
appropriate circuitry to the amplifier input. The conclusions to an equivalent 
analysis of the current-feedback amplifier would be similar except for the 
changes in circuit impedances. Analysis of current feedback is left for a stu- 
dent exercise (Problems 8-3 and 8-4) or can be obtained from the literature.! 

Instability in Feedback Circuits. The benefits derived from the use of 
negative feedback are great, but are achieved at the expense of gain. Addi- 
tional low-level stages may usually be added to compensate for the loss of 
gain. Another drawback to be contended with is the possibility of self-oscilla- 
tion because forward and feedback elements are frequency sensitive. At low 
and also at high frequencies the output voltage may be shifted in phase and 
changed in magnitude relative to the mid-frequency value. The summation 
of output and input voltages in a feedback circuit may, because of this addi- 
tional phase shift, result in regeneration and possibly oscillation. 

Self-oscillation can be visualized with the help of Eq. (8-3), which is re- 
peated here: 

A 


ae ear: Y oo 


A; 
When BA — +1, Ay — &, a condition intolerable in amplifiers, and repre- 
sents an output limited only by the saturation and cutoff regions of the char- 
acteristics. Should BA approach some positive value lower than unity, 
regenerative operation results. 

For BA to be positive either B or A or the combination must contribute 
the 860° phase shift required to cause a summation of in-phase signals at the 
amplifier input. Although B is often a mere resistive network, wiring capaci- 
tances may cause unwanted phase shift. 180° of shift is normally supplied 
by an active circuit consisting of an odd number of common-emitter stages. 
Nach stage is frequency sensitive, and with three in cascade, each only need 
shift an additional 60° in order for one oscillation requirement to be satisfied — 
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namely for BA to be positive. The other requirement is that BA = 1 + j0. 
In the mid-frequency range |BA|> 1 is the accepted condition. However, 
as was apparent in Chapter 5, A decreases in magnitude because of coupling 
capacitances at low frequencies, and because of alpha reduction and collector 
capacitance at high frequencies—it would be expected that, at some frequency, 
|BA|= 1. 
To avoid oscillations, 
1-— BA #0, 


BA # +1. 


(8-28a) 
(8-28b) 


or 


This condition can be slightly altered by including the fact that A is normally 
negative in inverse feedback amplifiers. Thus Eq. (8-28b) can be written 


BA # —1. (8-29) 


To test the stability of a circuit we may plot BA on polar coordinates and 
examine the length of the phasor when 180° of additional phase shift is appar- 
ent. According to the Nyquist criterion, oscillations will exist if the locus of 
BA encloses the (—1,0) point.’ 

A measure of the amount of feedback employed in an amplifier is given by 
the “number of db of feedback.’’ This term can be defined as the ratio of 
the gain of an amplifier without feedback to the gain of that same amplifier 
including feedback, the’ ratio being expressed in decibels. 


Example. A three-stage transistor amplifier with the feedback loop open | 


was found to have a frequency response that could be approximated by the 
relation . 
ep 5 
(1+ flo) 


The ratio of measured values of voltages Bu, and e; gives this equation. It 
is desired to investigate the stability of this amplifier. 





‘Sy curve of Fig. 8-3. From the equa- 
tion, the intersection of the plot with 
the negative real axis will occur 
when the imaginary part of BA is 
-1+j0 zero. Therefore 


f7108* = 3 
or f = 17,820 cps. The magni- 
tude of BA at this frequency is 


910-8), ee ie Nae 
Fig. 8-3. Nyquist diagram for text ex- 5/(1 — 3f710-*) = —§. This is less 
ample. than —1, and as seen from the curve, 


Negative 
frequencies \ 


f=17,320 cps \ 


{=5770 cps 


oo A polar plot of this function is the — 


” 
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no encirclement of the —1 + j0 point is apparent at this value of gain. In 
fact, for this example the gain could be increased by 8% before —1 + j0 is 
intersected (the total gain could become (8)(5) or 8). A condition for absolute 
stability for networks having this form of open-loop transfer function is 


BA <8 
at the reference frequency. 


8-2. Local Feedback. The term “local feedback” as used here, pertains 
to feedback that is applied to a single amplifying stage. Two examples of 
local feedback were given in Chapter 4: the unbypassed emitter resistor, and 
the resistor from collector to base. At that point in the text complete formulas 
were given for the performance of these simple circuits, and in the first design 
example of Chapter 7 emitter resistance was used to —Ecc 
stabilize the gain of a multistage amplifier. The use of a R, 
local feedback is widespread, owing in part to the sim- ‘ 
plicity of calculating the effects of the feedback elements 
upon operation. 

Feedback from Collector-to-Base. As shown in Fig. 8-4, 
it is only necessary to connect a resistor such as R, in 
order to provide the circuit input with a signal propor- 
tional to the output of the stage. The 180° phase shift 
inherent in the common-emitter stage provides the neces- sta geawith aolled: 
sary subtraction of signals at the base terminal. At first tor-to-base feed- 
glance this circuit appears to provide “voltage” feedback, back. 
because the output voltage is being sampled and a func- 
tion of that voltage made available at the input. Indeed, such is the case, 
the ratio of signal voltage fed back to voltage at the load is 


Fig. 8-4. Single 


B, R. (8-30) 
However, in the circuit under consideration, collector current can be thought 
of as splitting; the major portion flowing to Rz, and the remainder back to the 
input circuit through R,. Another B can be defined as the ratio of current fed 
back to load current 
Ry 


B; = = —- 
R. 


(8-31) 


Ble 


It is assumed that R; <« R.. 

In order to predict the operation of this stage it can be assumed that voltage 
gain will not be affected nearly as much by the presence of R, as will current 
gain, particularly when one considers a low value of Rz, possibly several 
thousand ohms, and a fairly high value of R,, possibly 100,000 ohms. If we 
modify Eq. (8-8) it becomes 
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A; 
1 — B,A; 





Ais (8-32) 


The approximate expression for A; of a normal stage is, from Table 4-6, 


> SR 
hoki + (1 + hyo) 


Insertion of Eqs. (8-31) and (8-33) into Eq. (8-32) gives 


(8-33) 


A; 


hrp 


Beebe eg eat (8-34a) 
Ri(hop — Yehyo) + (1 + hyo) 
or, for hry = —1, 
h 
Ay = (8-34b) 


Relig YO LE ny 


This result should agree with the derived equation in Chapter 4 for the case — 


of Y, paralleling hs. It is only necessary to add Y~ 


fia to hop in Eq. (8-33) to modify that equation for the 

Ri feedback element. The obvious agreement between 
Eq. (8-34b) and modified Eq. (8-33) provides a basis — 
for examination of more complex circuitry by the 
methods of this chapter. 

. Feedback in Emitter Circuit. The circuit of Fig. 8-5 


contains local feedback because it is obvious that load 
current flowing through R, causes a potential drop 
Fig. 8-5. Single stage which is “felt” by the input circuit. Although this 
with emitter feedback. scheme is often called “current feedback,” the pres- 

ence of R, will not materially affect current am- 
plification since Ry will usually be many times larger than R,. The voltage 
gain of such a stage, will, however, be severely altered. Voltage gain is given 
by the following approximate formula from Table 4-6: 


hyp Ri 
hio(l + Broo) 


It is to be remembered that the equivalent circuit used for derivation of this 
formula would place R, in series with hj. The equation, including feedback, is 


A,=> 


hyp Rr 
Ay = Ee 
(hip + Re) + Rrhov) 


The method of this chapter requires the definition of a feedback fraction, 
in this case 


(8-36) 


(8-35) 
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Re 
By = RB, (8-37) 
L 
We recall that 
Ay = “= 
vf = BA, (8-38) 


eee given by Eq. (8-35) and B by Eq. (8-37); substitution into Eq. (8-38) 
yields 


hyp Ry 


hall a eh al ee) 


Avs 


Eq. (8-39) agrees with Eq. (8-36) since hy, is negative and approximately 
of unit magnitude, and RzA,y < 1. 
Designing for a Specified Gainspread. The common-emitter power gain 


expression for a single stage of amplification is 
hyp? Rt 
hiv + Rrhov)[Rrhoy + (1 + hyo)) 


where hyp, hz, and h,» are subject to variation because of temperature, etc. 
Of the three parameters, hi, and h,» may change by several hundred percent, 
while hy, is fairly constant and its variations may be of only a few percent. 
However, (1 + hy») may account for considerable variation in the gain of a 
single-stage amplifier. 
Examination of Eq. (8-40) indicates that for values of Rzh,p such that 
(1 + hy) K Riko K 1, (8-41) 
the gain formula may be simplified to 
law] hyo? 
hivhos 


G 


IR 


(8-40) 





(8-42) 


Kq. (8-42) describes a stage whose gain is independent of the (1 + hys) 
factor and also Ry. If we incorporate feedback resistors (both R, and Re) 
into the circuit, the condition expressed by Eq. (8-41) becomes 


(1 + hy) K Rr (ho + Ye) K 1. (8-43) 
‘The simplified gain expression is now 


hye? 


(hip - Re) (hoo “te Y.) 
‘The numerator of this expression will cause no great amount of difficulty 


When designing for a specific gain; however, the denominator is greatly de- 
pendent upon hj» and h,», unless they can be swamped by R, and Y,, Such 


G 


Ile 


(8-44) 
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swamping would result in considerable loss of gain and we can conclude that — 
we can expect very little gain from a highly stable single-stage amplifier. 

If we analyze the ‘sensitivity of gain’ to these parameters, an incremental — 
change in gain is given by 


dG = sa dhip + ete dh (8-45) 
aot he tb hop ob- 
a Ahis(hos + Ye) + Ahoo(his + Re) 
atx -iy? |= tb\/lob ¢ : ob ~ “|. (8-46) 
(hip + Re) (hob + Y,) } 


The ratio of gainspread to gain is 
AG Ahi Ahop 
G hin + R. hoo + Y, 
The minus sign indicates that positive excursions of h;» and h,» actually reduce — 
the magnitude of G. Now with Eqs. (8-43) and (8-47) we may design a 
stage to a specific value of gainspread required. 
Example. Consider a 2N475 transistor with the following parameters 
feeding a resistive load of 10,000 ohms: 


(8-47) _ 


Design 
Min. Center Maz. 
hiv 30 60 90 ohms 
hep — 4 — x 1074 
Nge 20 30 50 
hob 0.1 0.5 1.5 x 10-6 mho 


We may encounter some units for which h,, = 30 and h,» = 1.5 X 107° and 
also some units for which hz, = 30 and h,» = 0.1 X 107°. hyp is likely to 
change from —0.969 to —0.980 or down to —0.953. 

For design-center values of parameters, Eq. (8-40) gives the following value 
of gain for a stage without feedback: 


G = 4200, or 36.2 db. 
For a unit with all parameters at their maximum values, 
G = 3000, or 34.8 db. 


Therefore the ratio of gainspread to gain is 


AG 1200 28.6% 

— = — ' or 28.6%. 

G 4200 i 
This rather low spread is caused by the compensating effect of the (1 + h, 
factor in the denominator of the gain expression. (1 ++ hy.) decreased when 
the Rzh,» term increased, If, however, hy, had taken on its minimum val 


FEEDBACK 
when h,, and h,, were at their maximums, then 
G = 1600, or 32.0 db, 
and the gainspread-to-gain ratio is 
AG 2600 


@ = 4200. or 62%. 





This analysis is limited to reduction in overall gain. An analysis of increase 
in gain due to parameter tolerances in the other direction is, of course, possible. 
To satisfy the requirement posed by Eq. (8-43), we must make 


(hep + Y.) Rt & 0.2, 


so 
0.2 
Y. = — — hoy = 19.5 X 10~° mho. 
Ry 
r wes it be determined that a gainspread of 10% is tolerable. From Eq. 
A 
0 —6 
7 ee ar 
60+ Rh. 0.5 X 10-%+ 19.5 x 107% 
Hence 
R. = 540 ohms. 
The nominal gain of the stage, now stabilized to 10%, is 
0.938 


= ————______ = 7 : 

600(20 x 10% 8, or 18.9 db. 

Therefore it is obvious that to stabilize the gain of a single stage of ampli- 
fication, a large reduction in gain is the price to be paid. 


8-3. Multistage Feedback. Consider a multistage amplifier composed of 
m identical stages each capable of providing a gain of A. The total ampli- 
fication will be 

A, = A”, (8-48) 
and 


dA, = mA™—"dA. (8-49) 


liq. (8-49) tells us that a 0.1 change in stage gain (dA) will result in a change 
in overall amplifier gain of twenty times that amount (for two stages each 
With an A of 10), 
Let us now design a multistage feedback amplifier having n identical stages 
each providing a gain of A. Thus 
A” 


Tt RPT (8-50) 


A; 
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This feedback amplifier should do the same job as the one employing no — 
feedback, so 


A; = Ay. (8-51) — 
It follows that a 
A™ = ———_. (8-52) 
1 — BA” 
The feedback fraction may be derived from Eq. (8-52) 
A™ — A” 
B= mtn (8-53) 


If Eq. (8-50) is differentiated, and the value of B from Eq. (8-53) substituted, 
dA; 
dA 

Insertion of Eq. (8-49) into Eq. (8-54) yields 

dAy _ nant dA, 
dA mA™—1 dA 


= nA}, (8-54) 


(8-55a) 


This may be simplified to 





oe? | 
GAs (“) ORE (8-55b) 
dA \m/) A*—™ aA 


Eq. (8-55) can most easily be interpreted with the aid of numbers. If the 
amplifier without feedback has one stage (m = 1) with a gain of 50, th 
feedback amplifier with three stages (n = 3) requires a B of approximately 
A7 or sp according to Eq. (8-53). The relative drift in the feedbae 
amplifier due to changes in A compared with the drift in the nonfeedbae 
circuit due to the same cause is 333: 

The predication or analysis of operation of a multistage feedback amplifi 
by solution of the Kirchhoff equations is a lengthy procedure. In Chapter 7 
we found analysis of a two-stage amplifier without feedback to be time-con= 
suming; the additional loops or nodes with feedback require an even greater 
effort to derive the equations that will predict operation. However, once 
such equations are derived, they may prove useful on a number of occasions, 
for the possible methods of feedback are limited. 

Here we shall treat four multistage circuits, two comprising three stages 
amplification, and two comprising two stages of amplification. In our i 
vestigations we shall be limited to cascaded common-emitter stages. B 
doing so, and also being concerned with negative feedback exclusively, 
shall find only a few possible circuits that will supply the required 180° p 
differential. Each stage will be considered to have a voltage gain Ay, 
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a current gain A;. Of course it is not always true that each stage of a cascade 
amplifier has the same gain, so the first-stage voltage gain will be symbolized 
by A., the second by Az», etc. Current gain will be treated in a similar 
manner. 

Since a number of amplifying stages are involved in each composite ampli- 
fier, the circuit diagrams may be somewhat sim- 
plified if a symbol is assigned to depict an entire 
stage. This will be done; the symbol to be em- 
ployed is shown in Fig. 8-6. The letter A stands 
for a device capable of amplification of either 
voltage or current. In a particular arrangement 
we may wish to make use of only the voltage- pig. g-6. Symbol used for 
amplification properties, or only the current-ampli- 
fication properties of the device. 

When the feedback is around the outside of an overall amplifier as will 
be true for the three-stage amplifier which follows, Eq. (8-3) will be used. 
All that is necessary is knowledge of the open-loop gains and B. For two- 
stage amplifiers where, because of phasing, the feedback signal is not around 
the composite circuit, an approach based upon Kirchhoff’s Laws using the 
symbolic form for complete amplifying stages yields satisfactory performance 
information. 

Three-Stage Amplifiers. A widely accepted feedback scheme is shown in 
Fig. 8-7: multistage shunt feedback from the collector of the third stage to 
the base of the first stage. If it is assumed that here we are dealing with 
normal circuits having appropriate amplifications (for a three-stage amplifier, 





amplifying stage. 





Fig. 8-7. Three-stage amplifier with overall shunt feedback. 


Ayr may be 1000 to 100,000, and A;r may be 1000 to 100,000) then the feed- 
back resistor Ry will be a great deal larger than Rz. The overall voltage gain 
will be essentially unaffected by Ry, and therefore 


Ay 6a AyArrArs Sar Ayr. (8-56) 


Let us investigate overall current amplification, Collector current of the 
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third stage, 7, is the sum of the two currents 77 and 7,, and the ratio of these 
currents is B;. Consider that the input resistance of the first stage is small 
compared with Ry. Then 


ir R 
para (8-87) 
to Ry 
The overall current amplification, by Eq. (8-3), is 
Air 
Ai = (8-58) 


1 — Ajr(Ri/R;) 
A;r is the total forward current gain and equals A,Aj;2A iz. 
The voltage gain has not been materially affected by feedback of this type, 
but since current gain is reduced, input resistance must be reduced by a like 
amount, hence 
R; 
1 — Ajr(Ri/Ry) 


The minus sign in the denominator of Eq. (8-59) does not mean that the cir- 
cuit exhibits a negative input resistance. A,r must provide phase reversal; 
therefore a negative sign is associated with that term but not included in the 
equation. 


Riy = 


A series type of feedback may be applied to the three-stage amplifier. Such — 


a connection is depicted in Fig. 8-8. The emitter R, is common to all stages, 





Fig. 8-8. Three-stage amplifier with overall series feedback. 


and will be of a small value because the large signal current in the final stage 


passes through it. As can be noted from current-gain expressions previously 
derived for single stages, emitter resistance in general has little effect upon 
current amplification. Thus 


Ais => Air. (8-60) 


The ratio of feedback voltage to load voltage is 


(8-59) 
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vy R, 
B, =—-—= —. os 
Vo R (8 61) 


This value of B assumes that the current through R, is equal to that through 
Rt, which is very nearly the case. To solve for overall voltage gain we again 
make use of Eq. (8-3) 
Avr 
Ba oe _ 

1 — Ayr(R./Rr) ve 
Current gain has not been altered; however, the reduction in voltage gain 
evidenced by Eq. (8-62) means that an incoming signal will find a higher 
input resistance. 


Ris = Ri (1 — Ayr =) (8-63) 
Ry 

Two-Stage Amplifiers. Two common-emitter stages, joined by an appro- 
priate coupling network, could employ neither the overall shunt feedback 
nor the overall series feedback of the 
preceding section, on account of phas- 
ing. If, however, an “interior” signal 
is fed to an “exterior” point, or an 
“exterior” signal is fed to an “in- 
terior” point, the phasing will be cor- 
rect for the degenerative form of 
feedback. 

One such arrangement is shown in 
Fig. 8-9. A signal, taken from the 
emitter resistor of stage two is made 
available to the input circuit through 
R;. Our analysis of this circuit will be separated into two parts: determination 
of the overall current-gain expression, and derivation of the overall voltage- 
gain expression. 

To find the ratio of 7, to 7;, we may write loop and nodal equations thus: 





Fig. 8-9. Two stages with feedback; cur- 
rent gain calculations. 


a; = ty + ty 
te = Ant, 
in = Ainie er 
(to + te — is)Re = isRy — 14R,. 
Solution of these simultaneous equations for current gain yields 
Pe Aj Ajo(Ry + Re) (8-65) 


(AwAig + An + 1)R, + Ry + Ri 
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Letting Ry — ~ results in Ajy > AnAiz. Should R, — 0, then 
AnAijohy 

Ry + R; 


Eq. (8-66) clearly shows the current 
division at the input terminal. 
Voltage gain for this circuit is not 
a simple expression, but depends — 
upon the individual stage gains, and 
the external resistances. Let us write 
circuit equations, and make the ad- — 
ditional assumption that collector 
current of stage number two is 
much greater than its base current. — 
This generally will be true. From 
Fig. 8-10 we are able to determine that 


A; tf (8-66) 





Fig. 8-10. Two stages with feedback; 
voltage gain calculations. 


v; = tRy — (to — tf) Re 
vo! + (io — ts) Re 

Vo = Argo! — (to — 1) Re 
ty = vo/Rx. 


Avi = 


(8-67) 


The solution of these simultaneous equations for the ratio of v, to v; yields 


- Ry[(AvAv + Av + IR + RsAnA va] 


Ay = (8-68) 
Rr(Re + Ry) + R.Ry(Are + 1) ( 


If feedback is removed by letting R. = 0, then the above equation reve 
to Ay Ave. ; 

An alternate method for incorporating feedback in a two-stage amplifi 
is shown in Fig. 8-11, with the second-stage collector signal fed to the emitter 
of the first stage. Let us again separate our calculations, and investigate the 
overall circuit current amplification. The defining equations are 


ly = af + toy 
iz = Aizte, 
te - Anti, 


(Gig +t + i)Re = Rt — isRy. 
The solution of these equations for the ratio of 7, to 7; is 
AyAig(Re + Re) + AuRe + Re 


Mn Re + Ry + Ri 
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If we use Fig. 8-12 to derive an expression for the voltage amplification 
for this circuit, then under the assumption that first-stage base current is 





Gti; +i:){ 


Fig. 8-11. Alternate two-stage feedback; 


Fig. 8-12. Alternate two-st : 
current gain calculations. ea 


voltage gain calculations. 


negligible compared with collector current, the necessary relationships are 


yX=v’v+G+i)R, 
vo = (te + is) Re + a;Ry, 
ey ee : (8-71) 
Vo val vv (ic + ap) Rel; 
Vo = A yo hia. 
Solution of Eqs. (8-71) for the ratio of terminal voltages gives 
AA »2Ri2(R. + Ry) 
Avs (8-72) 


RelA nA vwki2 + ArveRig + (An + DR] + Ria(Re + Ry) 


The method used here to analyze two- and three-stage amplifiers can be 


extended to a greater number of stages and also to circuits with multiple 
feedback loops. 


To examine the effect of feedback upon input resistance, recall that 











Io 
A; = 3 (8-73) 
and . 
V okey 
A, = lh . — 
7 (8-74) 
Division of Eq. (8-73) by Eq. (8-74) yields 
Ai _— to/ti v; R; 
Ay toRt/v; ptt 


“Ry pe Rr 


Input resistance may be predicted from knowledge of Aj, Ay, and Ry. 
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8-4. Automatic Gain Control. Closely allied with any discussion of feedback 
is the automatic gain control (AGC) system employed in communications 
receivers. The function of such a system is to maintain a relatively constant 
signal at the second detector stage of a receiver regardless of the strength of 
the incoming signal, that is the signal at some previous section of the circuitry. 
The detector, also called a demodulator, separates intelligence from a carrier 
frequency and discards the carrier. In the prototype system it is normal to 
sample the detector output, which is intelligence superimposed upon d-c, and 





Fig. 8-13. General AGC circuit showing waveforms at various points. 


feed the average level of this signal back to a preceding stage to control the 
grid bias of a tube that is operating in a nonlinear region of its characteristics, 
and thereby control the gain of a stage by utilizing the magnitude of the output 
of a later stage. Such a system actually controls the intelligence level by 
controlling the carrier magnitude, since both carrier and modulation are 
amplified equally. The rectification and low-pass filtering accomplished by 
the detector stage leaves a d-c signal to be fed back whose amplitude is pro- 
portional to carrier amplitude. ; 

Fig. 8-13 describes the operation of an AGC circuit by showing the impor- 
tant waveforms. A simple demodulator is described by the diode, while the 
associated shunt capacitance helps eliminate high frequencies (the carrier) 
from the audio or video stages that follow. In the feedback line further filter- 
ing is employed to smooth ‘the waveform, since only the average value is of — 
importance. 

When working with transistor circuits, we must find a means of controlling 
gain by altering the quiescent or d-c conditions of an amplifier. The variae 
tions of parameters with operating point were discussed in Chapter 4, and in 
Chapter 5 the results of an investigation of the relation of performance 
operating point were presented. Other investigations have been made an 
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the results depicted in Figs. 8-14 and 8-15. A considerable variation in 
gain can be achieved if either emitter current or collector voltage is varied. 
In the case of AGC this operating point change is caused by the fedback signal. 
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Fig. 8-14. Variation of gain due to emit- 
ter current for a typical common-emitter 
stage. 


Fig. 8-15. Variation of gain due to col- 
lector voltage for a typical common- 
emitter stage. 


To change either emitter current or collector voltage, power is required. 
Again we encounter the difference between vacuum-tube and transistor tech- 
nologies. The output of the second detector must supply power to the con- 
trolled stage or stages. This control power requirement can be minimized 
if the d-c is made available to a base rather than an emitter. Fig. 8-16 illus- 
trates an AGC that controls the 
emitter current of a transistor by “Ess Ecc 
altering base bias. Of course emitter 
current depends upon base current 
and this scheme can be studied by 
considering the controlled transistor 
to be a d-c amplifier that is amplify- 
ing the AGC signal. Emitter current a 
variations cause variations in the po- 
tential drop across the bypassed emit- 
ter resistance and therefore changes 
in the available voltage across the 
transistor; one may reason that these 
two effects (Iz and Veg control) 
tend to cancel, with no resulting gain 
variation. For this type of circuit, 
the collector voltage must be fairly large, or, in other words, not in the sen- 
sitive region of operation. 

It is possible, of course, to directly control emitter current by means of 
the AGC voltage, if sufficient power is available, or to include a separate AGC 
amplifier, 


AGC Line 
Fig. 8-16. Emitter current AGC. 
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Maximum sensitivity of control is achieved at low values of emitter current, 
below 100 microamperes for the transistor whose operation is depicted in 
Fig. 8-14, and at low collector potentials, below 500 millivolts. These facts 
essentially limit the swing of applied 
signals to very small values, as are 
encountered in the radio-frequency 
(R.F.), converter, and first inter- 

mediate-frequency (I.F.) stages of a 

superheterodyne receiver. If a large 

collector resistor is added to the cir- 

o cuit of Fig. 8-16 as shown in Fig. 
8-17, and the emitter bias current 

made fairly large, then a small col- 

lector-to-emitter voltage is available. 

ae An AGC signal that alters base cur- 

ACO ine rent will also change emitter current 

and thereby alter available collector 


Fig. 8-17. Collector voltage AGC. voltage. The changing collector po- 
tential provides gain control. Quies- 


-E, BB -E cc 


cent emitter current for this circuit should be fairly large and therefore not — 


in the sensitive region of operation. 
Fig. 8-18 and 8-19 show two practical circuits. In Fig. 8-18, the AGC is 


used to control the base bias of both the mixer and first I.F. amplifier stages — 


of a receiver. Although resistors are in both collector circuits, they are of 
too low a value (1000 ohms) to provide collector-voltage control; the stages 
are I controlled. The variable resistance at the detector output provides 
manual volume control for the entire circuit. In the circuit of Fig. 8-19, the 


second detector is a Class-B-operated transistor, and the AGC voltage is — 


obtained from the bypassed emitter resistance. The AGC signal controls 


the gain of both the R.F. amplifier and the first I.F. amplifier by addition of — 


currents at the emitter of each of those stages. 

Each of the aforementioned control systems must operate so that when the 
incoming signal is strong, the fedback voltage or current is of such a polarity 
as to reduce amplifier gain, and vice versa. 

When changing the operating point of a transistor we might expect input 
and output impedances also to change. Since loads are normally tuned cir- 
cuits in receiver circuitry, the resonant frequency and bandwidth of such tuned 
circuits will be altered as a result of changing transistor impedances. Collector 
capacitance is a function of collector voltage, and thus a degree of detuning 
is almost certain to occur. It is desirable that the bandwidth of tuned circuits 
be wide when input signals are strong, and narrow when signals are weak, 
This is accomplished when using a collector-voltage AGC system, for the input 


impedance of the controlled stage is reduced when J increases, thereby dé= 
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tuning the input tuned circuit. On the other hand, when Iz is used for the 
direct control of gain, the input impedance of a stage will be increased and 
bandwidth narrowed when Jz decreases. Selectivity should be accomplished 
elsewhere in the receiver for such a system. 


Detector 
Mixer 1st LF. f 
S OM Tle 
Osc. Na > + — 
Sig. Tt Ls is 
+E oo +E co 7 
ae + Ep B 
= = AGC Line 
an 
Fig. 8-18. Practical AGC system. 
RF. 1st LF, Detector 





it 


AGC Line ~ ~ 






Fig. 8-19. Practical AGC system. 


8-5. Direct-Coupled Amplifiers. Also called a direct-current or a’ direct- 
voltage amplifier, a direct-coupled (d-c) amplifier has, as its main application, 
the amplification of signals below several cps and down to zero eps, the d-c 
signal. It is to be realized that the circuits discussed thus far have used 
transformers and capacitors for coupling between stages; these elements are 
capable of passing time-varying signals exclusively, and severely attenuate 
the lower frequencies. 

It is possible to remove the blocking capacitors from an R-C amplifier, 
thereby placing the direct potential at the second-stage base at the same level 
as the first-stage collector. This may be acceptable provided that the emitter 
and collector potentials of the second stage are adjusted to maintain the 
required operating voltages, Therefore, because of the need for adjusted 
potentials, we might expect to encounter numerous power supplies in any 
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d-c amplifier. The amplifier will be sensitive to these supplies since a change 
in any supply voltage will be amplified just as a d-c input signal is amplified. 
When appearing at the load this amplified supply variation would be indis- 
tinguishable from signal. 

The d-c amplifier supplies, to its load, a signal that is proportional to its 
input. As would be expected, the magnitude of the output quantity is de- 
pendent upon the amplification factors of the various circuits. However, 
since we are dealing with direct current, and usually desire that zero voltage 
exist at the load when zero input signal is impressed, then a change in gain 
may actually cause an output voltage even in the absence of input signal. 


This will be apparent from the circuit to be discussed directly. It is important 
0 volts 





Fig. 8-20. Simple d-c transistor amplifier. 


to note that an output other than zero will result when the operating point 
of any stage changes, as a result, for example, of changes in temperature, 
because in the absence of isolation any operating-point variation will alter 
the operating points of the succeeding stages. 


Ico is a problem because of its extreme sensitivity to temperature, and, in — 


general, must be compensated for. Compensation can be achieved by cir- 
cuitry employing temperature-sensitive resistors and diodes. Both thermis- 
tors and diodes exhibit negative temperature coefficients of resistance, and, 
when used in conjunction with resistors having zero or positive temperature 


coefficients, networks may be designed having almost any desired temperature 


sensitivity. 

These three causes of trouble for d-c amplifiers—power supply variations, 
parameter changes due to temperature and age, and changes in leakage 
current—are the prime contributors to drift. Drift can be defined as a var- 
iation in the amplifier output independent of the designated input. Methods 
for the reduction of drift in d-c vacuum-tube amplifiers are generally appli- 
cable to transistor circuits and will be subsequently considered. 

Let us discuss the d-c amplifier of Fig. 8-20. This diagram is not a simpli- 
fication, but actually represents all circuit elements necessary for a complete 
workable circuit. The first and third stages are n-p-n units, while the second 
stage is p-n-p. Reasoning behind the choice of different types will be clear 
after investigation of base and collector current directions. 
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Since. the base circuit of the first stage has no driving voltage, no base current 
exists. A collector current, Icgo, will be apparent and will be in the direction 
as shown on the diagram. Icgo of the first stage is Ig of the second stage, 
and since transistor-conductivity types alternate, the current direction is 
correct for Class-A amplification. If stage two has a current gain of Bo, then 
its collector current is 

Ice = Bel cxo1. 
Ice is in the proper direction, and serves as base current for stage three. 
The collector current of stage three is 


Tce3 = B3Ic2 = BebsIcro1- 


Should a fourth stage be required, it must be p-n-p. 

Examine collector-to-emitter voltages. The output stage collector is at 
ground potential, and the emitter is made negative by supply Ezz3; thus the 
collector is more positive than the emitter. Base potential is approximately 
that of emitter number three and is common to collector two. Ezy is in series 
with Ezz3 and together they supply the collector potential for stage two. 
Stage number one has a collector potential approximately equal to Egpo. 
As shown, the base of the first stage is not at zero volts, but could be made so 
by additional circuitry. Actually, the circuit shown was fed from a differential 
amplifier and Ry, was several thousand ohms to provide a high input imped- 
ance. Ra; and R3; are low-valued resistors that provide degenerative feedback, 
and although they do not materially affect the current gain of any particular 
stage, they tend to increase the stability of collector current with respect to 
temperature variations. 

In the amplifier as constructed, Ic; = 6 wa, Icg = 220 wa and I¢3 = 9 ma, 
indicating that By 37 and 8341. The sensitivity of such a circuit to 
ambient temperature is apparent. The signal supplied to the load is based 
upon Icgo of stage number one, and although silicon transistors were em- 
ployed, we might expect a change of about 5% per degree Centigrade in that 
current. Even if Iczo were not the quiescent current of the first stage, Ic¢zo 
would make up a sizable portion of it. Temperature compensation is a must 
for such an amplifier even if it is expected that the only temperature excursions 
will be those as encountered in a normal room. 

The semiconductor diode is often 
used for temperature compensation 
because the temperature coefficient 
of resistance of the diode material is 
equivalent to the rate at which tran- 
sistor leakage (Ico) varies with tem- 
perature, For example, in the circuit 
of Fig. 8-21, it is desired to maintain Fig. 8-21. Use of a semiconductor diode 
7ng constant although Ze (which may to temperature-compensate an amplifier. 
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be Iczo of the first stage) is subject to vary because of climatic conditions. 
The diode is biased negatively, and we are concerned with the reverse cur- 
rent, Ip. Since Exze is the only circuit source, 


Igo = —Irn + Ici. 
It is required that dIp2/dT = 0. Therefore 
dIp dIqy 
av aT 


(8-76) 


(8-77) 


If Ic, is primarily leakage, 


dT dT aT 

The diode should have leakage properties identical to those of the transistor. 

An extremely interesting circuit is the compound connection shown in 
Fig. 8-22. The emitter terminal of TR1 is directly connected to the base of — 
TR2; the collectors of both units 
share a common load. The two 
transistors present only three termi- — 
nals to the external circuit (X, Y, and 
Z in the figure). 

Since 7'R2 is in the common leg of - 
TR1, it will provide negative feed- 
back that serves to gain-stabilize the 
composite circuit, and the resulting 
input resistance (2,7) is much greater 
than that of a single common-emitter 
stage. For normal Class-A operation, 
resistance Rz is chosen so that both 
stages are operating in the active re- 
gion of their collector characteristics. It is of course easy to saturate T7R2 by 
supplying too much base current to T'R1, since the operating point of the 
second transistor depends upon 


(8-78) 


—Exp Ecc 





Fig. 8-22. Common-emitter compound 
connection. 


Ipo = Im = 61Tx1, 
Ico & BiBelp1. 


Since the collector currents of both transistors flow through the common — 
load each will contribute to total load signal, but the extent of that contri« 
bution differs by the magnitude of the current amplification of TR2. Re= 
finements can be made to the circuit shown. Bypassed emitter resistance for 
TR2 may be added, single-battery biasing (or other forms) may be used, 
an additional stage added by connecting its base to the emitter of 7'R2, i 
collector to the common load, and its emitter to ground, 


and 
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The results of building a compound-connected pair: R;r = 20,000 ohms, 
A, = 90, A; = 670, for small, low-frequency, a-c signals when feeding a 
2000-ohm load. 

The Differential Amplifier. A popular circuit often employed in d-c ampli- 
fiers is the differential amplifier, so-called because its output voltage is pro- 
portional to the difference of two voltages supplied to its two separate inputs. 
Often one input terminal pair is used for the signal to be amplified, while the 
other input terminal pair is used as the termination of a feedback line. Two 
transistors are necessary to perform the subtraction operation, as can be seen 
in Fig. 8-23, and if they are matched, the output voltage, which can be taken 
from either collector, is independent of parameter changes and changes in the 


Ecc 





(a) 


Fig. 8-23. Common-emitter differential amplifier: (a) circuit; (b) a-c equivalent. 


value of I¢o of either transistor. In the figure, two inputs, e; and ey are shown. 
However, the circuit will amplify if but one input terminal is supplied, and the 
other grounded through an appropriate impedance. 

An analysis of this circuit may be made on a d-c or an a-c basis. Here an 
u-¢ analysis is presented in order to prove the differential operation and the 
amplification constant of the circuit. In the analysis, r, is assumed to be much 
larger than R;, the channels are assumed identical and the transistor param- 
eter ry is lumped with generator resistance R, to form a composite, which is 
termed R,. 

The Kirchhoff equations for Fig. 8-23b are: 


€) = ins + tee + t7Re, 
é&g = tyokes “fe teal e + anlbat 
ty = te + hea, 


(8+ 1)iy and 


(8-79) 


Vy 1 


tog = (B + 1)tng. 
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For R, > r, and (8 + 1)R, > Rs, 








€1 — €2 €2 — &1 
fo & hg & 8-80 
in = OR, and tp: = OR. (8-80) 
Since 
€o = —BRrive (8-81) 
then 
(e: — e2)BRr 


0 op Le eA, 8-82 
* = oR, +76 + 1] ee) 
If the assumption of a large R, or a small R, is not valid, differential oper- 
ation will still occur, but e; and eg will have differing coefficients in Eq. (8-82). 

A similar analysis can be made of the common-base pair of Fig. 8-24. 





Fig. 8-24. Common-base differential amplifier: (a) circuit; (b) a-c equivalent. 


The assumptions used to simplify analysis are again that r, > Rx, the units 
are identical, and i;R, > ir. 7. will be lumped with R, to form a composite 
R,;. The defining equations: 


C= leks + izhz, 


a= legs + tele, (8-83) 


lz = te(1 ~7 a) Tr to (1 _ a). 
For R,(1 — a) > R, 








aan : €2 — &1 
in =e = and tcp & ae (8-84) 
Since 
eo = aR ries, (8-85) 
then " 
bo & (eg — e@)a Le (8-86) 


2Rz 
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The input resistance of this circuit depends upon the signal level impressed 
upon the other input terminal pair, and under the condition that the signal 
level is identical at each input, the input resistance would be infinite according 
to Eq. (8-84). 

Chopper Amplifiers. Because of the many problems associated with direct- 
coupled circuits, a widely accepted method of amplifying low frequencies and 
direct signals is to convert the signal to a-c, amplify this a-c and then rectify 
to re-establish the d-c. To change d-c to a-c a switching scheme may be used. 
The switch may be a circuit or device that will alternately pass and reject 
the d-c input as'a function of time. The common name for this operation is 
“modulation.” A modulator may be an electromechanical switch, such as a 
vibrator, or a circuit comprised of diodes, vacuum tubes or transistors, or it 
may be electromagnetic, such as a magnetic modulator. The vibrator has 
moving parts, and consequently a relatively short lifetime, and is limited to 
operation below 1000 cps. However, since it is practically drift free and ex- 
hibits a low noise level the vibrator is often used for this application. 

A “demodulator” must be used when it is necessary to remove the alter- 
nating carrier and re-establish the d-c signal; its action is basically rectifi- 
cation and filtering. In a system using both a modulator and a demodulator, 
it is desired that the overall circuit be polarity conscious. For example, if 
+10 millivolts is to be amplified\1000 times, we normally expect the output 
to be +10 volts, and a negative load voltage to result from an input signal 
of negative polarity. It is therefore necessary that the demodulator be phase 
sensitive. Should modulator action result in an alternating current of a certain 
phase (with respect to any convenient reference) for a given polarity of d-c 
signal, then the demodulator will sample that phasing and supply the load 
with d-c of the correct polarity. The accepted names for this rectification 
circuit are “‘phase-sensitive demodulator,” ‘“phase-sensitive discriminator,’’ or 
‘‘phase-sensitive detector.” 

A complete d-c amplifier making use of the foregoing principle is shown 
in Fig. 8-25. The d-c input is shorted to ground (through resistances of low 
value) when the square wave modulator excitation is of the correct polarity 
for both diodes to conduct. On alternate half cycles neither diode can conduct 
and the d-e signal is passed through the modulator circuit to the amplifier. 
The resulting potential at A is a square wave with one half of its cycle at 
ground potential. This square wave, with a fundamental frequency of the 
chopper excitation, passes through C., to the base of T7R1. Because of the 
large unbypassed emitter resistor, 7R1 presents a high input impedance and 
therefore does not load down the chopper. T'R1 is biased near cutoff because 
no direct base current is allowed. The square wave is amplified by three 
additional stages, each having a high degree of bias stability as well as some 
local feedback. ‘The collector voltage of 7'R4 is made available to the bases 
of both 7R5 and 7'R6. 
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Fig. 8-25. D-c chopper amplifier showing modulator and demodulator. 


A four-terminal load is being supplied by the amplifier of this figure and 
could represent a hydraulic valve actuated by d-c, the motion of the valve 
dictated by the difference in the direct current flowing through its two 
windings. The operation of the demodulator circuit will now be discussed, 
Consider the lower terminal of transformer 7 to be instantaneously positive, 
Diodes Dz and D4 are connected so that each transistor has the pro’ 
collector-voltage polarity. But since the transistors are of opposite co 
ductivity types and are being operated Class-B, the transistor that will condu 
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and hence supply load current is the one being correctly stimulated by base 
signal. Each transistor is receiving the same base signal, and the detector 
is said to be phase sensitive because if the bases are instantaneously positive, 
only 7'R6 will conduct, causing current downward through load #2. However, 
if the bases were going negative during the half cycle when each collector is 
correctly excited, then only TR5 will conduct, resulting in a current down- 
ward through load #1. During the other alternation of supply to 7, neither 
transistor can conduct. 

All load currents flow through R,, a small resistor, which supplies feedback 
voltage. In the feedback loop R, and C,, help to shape the frequency response 
characteristic of the amplifier, and C; is useful in filtering the feedback signal. 
The amount of feedback is dictated by Ry, and adjustable resistance Ryo, and 
is added to the amplifier input at A. 

Chopper amplifiers have been found useful for many applications ; the d-c 
output of thermocouples, thermopiles, strain gages and certain pressure 
sensors as well as many other process transducers must be amplified for in- 
dication and control of process variables, and chopper amplifiers have been 
widely accepted. The bandwidth of such circuits is narrow and a general rule 
of thumb is that a chopper amplifier can be used to amplify signals up to 745 
of the modulating frequency. The reader may verify the bandwidth limita- 
tion. 

Operational Amplifiers. The term “operational amplifier” has been used 
to describe the circuit comprised of a d-c amplifier and associated external 
impedances that together “operate” upon a direct voltage or current in some 
mathematical way. Applications for such amplifiers in the measurement and 
computer fields are numerous. 

Prior to the transistor, vacuum-tube operational amplifiers, characterized 
by their high input resistance and high voltage gain, took on certain standard 
forms. With transistor circuits, how- 
ever, high or low input resistance is 
available. In the following circuits 
both resistance levels will be con- 
sidered. The operations to be dis- 
cussed are summation, integration 
and differentiation. 

A d-c amplifier with no load and 
high input resistance is depicted in 
lig. 8-26 with two input voltages, e 
and eg, available. More than two inputs are, of course, possible. It is de- 
sired that the output voltage, ¢,, be proportional to the sum of ¢ and ey. 


ce eo = Ke + eg). (8-87) 


A summation of currents at the significant node yields 





Fig. 8-26. Summing amplifier. 
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€—€ €—€ E—& 











ok 8-88 
Ry Ro Ry ( 
For the amplifier alone, including phase reversal, 
€o 
A=--: (8-89) 
€ 
For a very large value of A, Eq. (8-88) becomes 
é1 €2 
eg —R;\—+—): 8-90 
f ( R, a =) (8-90) 
Should all resistances be of equal magnitude, 
Co = —(e + ea). (8-91) 


It can be proved easily that if finite amplifier input resistance had been 
considered, input resistance would have acted as if it were parallel with R, and 


Ry. However a large A would result in an expression identical with Eq. 
(8-90). 


For a single input to the circuit of Fig. 8-26 the expression for output 


voltage becomes 
= e,AR if 


~ Rp+ (1+ ADR 


Eq. (8-92) represents a standard feedback circuit that, for large values of A, 
exhibits a gain of 


0 


(8-92) 


ee (8-93) | 


Consider the amplifier with single input channel shown in Fig. 8-27, — 
Impedances Zp and Z; will determine the operation of the overall circuit, 
Because this circuit is very similar to the double-input case just discussed, — 


the output voltage, for large A, is given by a modification of Eq. (8-93) 


Zr 
et ogee 8-04 
€ az (8-94) 





Let Zr be resistive and equal R, and let Zp be capacitive. Using Laplace 
notation, s = jw, and thus Zp = 1/sC. Eq. (8-94) can be written 
E;(s) 


E,(s) = — 
(s) RCs 
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In the time domain 
1 
6: =) = => e;dt. — 
RC (8-96) 


The circuit will integrate the input voltage. 
If the positions of the capacitor and resistor are interchanged, that is if 
Zr = 1/sC and Zp = R, then, from Eq. (8-94), 


E,(s) = —E,(s)RCs. (8-97) 
In the time domain, this corresponds to 


e = —RC—. (8-98) 





Fig. 8-27. Computing amplifier. 


Fig. 8-28. Current analog of 8-27. 


The possibility of using low input resistance transistor amplifiers has led 
to the so-called current-analog operational amplifier shown in Fig. 8-28. It 
is assumed that the input impedance of A is low compared with Zp, and A is 
primarily a current amplifier, so 

7, 
A=--: (8-99) 


Ue 
Summing potential drops around the inner loop gives 
ight = (ie — 1)Zp. (8-100) 
It is obvious that 
1g = tg +e. 
A solution of these equations for load current yields 
Zr 


Io = —-ti— i 
U Zp (8-101) 


for large values of A. To integrate the input current, Z; may be a capacitor 
and Zp a resistor, To differentiate, the elements may be interchanged. 
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The operational amplifiers described above are subject to the drifts inherent 
in d-c amplifiers even though a large amount of feedback may be employed. 
Use could be made of chopper amplifiers, subject to their inherent high- 
frequency limitations. Automatic balancing circuits based upon chopper 
stabilization have proved very successful because the freedom of drift of the 
chopper amplifier and the superior high-frequency response of a conventional 
d-c amplifier are both realized.’ 

In the circuit of Fig. 8-29, D represents a d-c amplifier having a wide band- 
width, but drift, denoted by d, will be present and can be referred to the circuit 
input. D has a differential amplifier input stage of high input resistance. 
The amplifier A is a chopper circuit that will pass all low frequencies (often 
included with A is a low-pass filter while in the path to Da filter may be used 
to block d-c and pass the highs). Low-frequency amplification is the product 


ig—tot 
Aiyt+d 





Fig. 8-29. D-c amplifier with automatic Fig. 8-30. Current analog of 8-29. 


stabilization. 


of A and D; high frequencies will exhibit a gain of D, modified by the appro- 


priate networks. J 
It is desired to eliminate or at least greatly reduce the amount of d which 


is present at the output. By Kirchhoff’s second law: 


ieee (8-102a) 


=e, —1Z = oS _ - 
ae ne Z1 + Zp 


Output voltage is 


e, = —ADe — Dd — De. (8-102b) 


Solution of these equations results in 


ee —es(2) SS aD (8-103) 
Zr A Zr 
It can be seen that the unwanted signal has been decreased by a factor cl 


to 1/A. 
A current analog of the Goldberg d-c amplifier is shown in Fig. 8-30, 


Amplifier A is again a high-gain low-frequency d-c amplifier with modulati 
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and demodulating circuits and D is a wideband d-c amplifier subject to drift 
d. Both amplifiers must have low input resistance for the following mathe- 
matical analysis to be correct. Let us consider that each amplifier primarily 
provides current gain and solve the circuit equations for overall amplification: 


iy = ty + ty + 2, 
(2 Di Ape De 


| (8-104) 
t,41 = (tr res 45 + Aly + ad)Zp 


At d-c and very low frequencies, tz and Di, may be negligible, particularly 
if a blocking capacitor is included in the 7; branch. 
The resulting expression is 


ve -a(Z)- 5G) 
op) ANG 
Again, unwanted drift has been reduced by a significant amount. 
The current analog chopper stabilized d-c amplifier has the disadvantage 


of requiring that the chopper amplifier (A) present a low input resistance. 
Other circuits are possible which circumvent this limitation. 


(8-105) 


PROBLEMS 


8-1. The voltage gain of an amplifier is nominally —60 but varies +5% 
from that value owing to changes in its power supplies. The addition of over- 
all feedback with B = 0.06 will result in what nominal overall amplification? 
Determine the percentage variation in A;. 
8-2. If the response of an amplifier at low frequencies can be approximated 

xy 
A, 


Ai Se 
1 — ifs av/f 


with A, the mid-frequency gain and fsa, the lower half-power frequency 
derive an expression for f;, the lower 
cutoff or half-power frequency for a 
feedback amplifier in terms of Ao, B, 
and f3 ap. 

8-3. The feedback scheme shown 
in the above diagram has been labeled 
“current feedback” because the load 
current is being sampled. By mak- 
ing use of a method similar to that 





Problem 8-3. 


given in Section 8-1, derive an expression for A,y in terms of A,, Ry, and Ry. 


Consider Ry, > Ry. 
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8-4. Extend your analysis of Problem 8-3 to derive the expression for 
Z if and Zof- 

8-5. Consult an information source such as Reference 7 to study phase- 
sensitive discriminators and draw three transistorized circuits of that type. 

8-6. The network shown could be used in the feedback path of an amplifier. 

(a) Derive an expression for the 
voltage transfer function (E,/E;). 

(b) Is it possible for the network 
to provide a 180° phase shift? Ex- 
plain. 

(c) Derive an expression for the 
Problem 8-6. unloaded input impedance. 

(d) Sketch the frequency response 





of this circuit. 

8-7. Draw a feedback network that will result in increased amplifier 
voltage gain at high frequencies. 

8-8. For a common-emitter connected transistor with h;, = 40 ohms, h,» 
= 107+, hy, = —0.972 and ho» = 10~° mho, make a plot of voltage gain vs. 
R, for five values of feedback resistance from 0 to infinity. 

8-9. For the transistor whose parameters are specified in Problem 8-8, 
show the variation in input resistance caused by emitter feedback. 

8-10. For the transistor of Problem 8-8, plot current gain vs. R, for five 
values from 0 to infinity. 

8-11. Again using the transistor of Problem 8-8, show the variation of 
input resistance caused by collector-to-base feedback. 

8-12. Amplifiers with open-loop voltage gains of 10,000, 5000, 700 and 300 
have their gains reduced to 100 by feedback. Express the amount of feedback 
in db for each amplifier. 

8-13. For a 2N48 feeding a 2000-ohm load and employing local feedback, 
determine the values of Y, and R, necessary to provide a AG/G ratio of 0.10 
for units that tend to take on maximum parameters. Set (ho, + Y.)Rt = 0.2. 

8-14. Compare the sensitivity of overall amplification to internal stage 
gain variations of a three-stage amplifier without feedback to a five-stage 
amplifier: with overall feedback. Both circuits have the same overall gain, 
and are composed of identical individual stages. 

8-15. In the absence of feedback, the input resistance of a three-stage 
transistor amplifier is 1000 ohms when the amplifier is feeding a 1000-ohm 
load. Each stage amplifies voltage 10 times and current 100 times. If feed- 
back is to be added to this amplifier from the collector of stage number three 
to the base of stage one, of what value must the feedback resistance be in 
order to reduce the overall power gain by 50%? What has happened to the in- 
put resistance? 

8-16. For a two-stage amplifier employing the type of feedback shown in 
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Fig. 8-9, compute the value of the required feedback resistor Ry for A; = 200. 
Ay = Aj = 20, An = Are = 30, Rr = R; = 1000 ohms and R, = 100 
ohms. What is the overall voltage gain and input resistance? 

8-17. Derive the equation for the output voltage of a common-emitter 
differential amplifier driven from sources of high internal resistance. The 
assumption that (6 + 1)R, > R, is not to be used. 

8-18. Derive an expression for the output voltage of a common-emitter 
differential amplifier with d-c input signals. Include a leakage current gen- 
erator with each transistor. 

8-19. To study the input resistance of a common-emitter differential 
amplifier stage, consider that the other transistor base is returned to ground 
through R,, and R, is a very large-valued resistance. Confirm that 


R,; = [ry + re/(1 — @)] 


for the circuit of Fig. 8-23. Note that the second transistor appears as a 
common-base stage in the emitter branch of the transistor under study. 
How will the magnitude of R, affect this expression? 

8-20. By sketching show the effect of chopping upon a low-frequency 
alternating waveform, and consequently attempt to confirm the statement 
that a chopper amplifier will successfully pass frequencies up to a fraction of 
the frequency of the chopping action. 

8-21. It is desired to analyze the circuit diagram and answer questions 
concerning it. Knowledge of the transistor material thus far presented in 
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the text plus a general electronic background (which is a prerequisite) and 
ability to extend these concepts to a new circuit is being tested. 

(a) In what configuration is each transistor operating? 

(b) Briefly discuss the methods of coupling employed between source, each 
transistor and load. 

(c) In what mode (Class-A or B) is each transistor operating? Give a 
reason for your answers. 

(d) Discuss the purpose of each of the following components. 


(1) 0.5 uf in TR3 collector 

(2) 5 ohms in TR4 and TR5 emitters 
(3) 10 ohms in 7'R3 emitter 

(4) 100 ohms in TR1 

(5) 4.7 K and 100 pf in TR1 


(e) All the transistors are germanium. If 73 has a quiescent collector 
current of 32 ma, calculate all direct potentials in the first three stages, and 
the collector currents of stages 1 and 2. Assume that the winding resistance 
of 7, is negligible. 

(f) Draw a complete small-signal low-frequency equivalent for ,the first 
two stages in terms of h-parameters with “e” subscripts. Include all pertinent 
R’s and C’s. 

8-22. The two-stage feedback amplifier of Appendix III can be analyzed 
by the methods of this chapter. Consider that the transistor parameters are 
hye = 30, hin = 53, hon = 0.2 X 10% and h,» = 2 X 10~*. Compare the 
published voltage gains of this amplifier with those calculated using Eq. 
(8-72). Consider all three values of feedback resistance and use Ry = 10,000 
ohms. 

8-23. Consider a current source J, with parallel resistance R, feeding Rr. 
Shunting the source and the load is a negative resistance device, —R. Show 
that this circuit may provide current amplification, and determine the condi- 

tion for oscillation. 
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The purpose of this chapter is twofold; first, to discuss several general 
topics heretofore unmentioned, and second, to take a look at the principles of 
transistor operation at high frequencies. 

The preceding material was devoted to operation within the audio-frequency 


spectrum, but serves to provide general background for any transistor work. - 


The subject of noise is presented here to extend that general background. 
The topics of gain control and shaping of the frequency response will also be 
briefly covered in the initial pages of this chapter. 

Broad frequency band (video) amplifiers are important to television and 
radar applications for they serve to amplify a great deal of information in the 
form of the various frequencies, and consequently warrant our attention. The 
narrow-band or tuned amplifying stage has many uses in the radio, television, 
and military electronics fields and will also be discussed in this chapter. 

9-1. Noise. Noise in electronic devices is any spurious signal, and is 
almost always unwanted. In radio and television receivers noise is apparent 
to the ear and the eye as “static” and “snow,” respectively. Actually, noise 
has two general classifications: “external” noise caused by atmospheric dis- 
turbances, motor commutation, aircraft and auto ignition, and any sparking 
device; and “internal” noise generated in the receiver as a result of the physics 
of the materials and components used. External noise will not be discussed 
here because its existence bears no relation to the transistor; it can be elimi- 
nated or minimized by shielding, antenna location or design, and prayer. 

Our concern with noise is at the load portion of a circuit, in the loudspeaker 
or cathode-ray tube or other terminating device, but the important sources 
of internal noise are in the low-signal portion of a circuit. The first stage of 
any receiver and the signal source are the areas that must be investigated to 
determine whether their operational sensitivity is too severely limited, for 
noise sets a limit on such sensitivity; any signal too weak when compared 
with the noise level will be covered up or masked by it. Often discussed is 
the output “signal-to-noise ratio” for any electronic circuit. This ratio, which 

226 
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is sometimes a specification to be met by the circuit designer, can be used as 
a performance yardstick. Typical S/N ratios, expressed in decibels, are in the 
15 to 60 db range, and of course depend to a great extent upon the application. 

Internal noise is generated in resistors, vacuum tubes, transistors, and, in 
fact, any conductor, and is due to many causes. It is said to be “random” in 
the sense that it is a completely unpredictable function of time, in contrast 
to normal electrical quantities whose future variations can be predicted from 
past performance or other information. A voltage such as e = Emax sin wt is 
obviously not random, for its past history is accurately known, and its future 
can be completely predicted. Random noise, on the other hand, contains 
terms of many frequencies with varying amplitudes. 

It is possible by means of frequency analysis to classify noises. If the spec- 
trum of frequencies in a wave is said to be “flat,” then the wave contains 
equal magnitudes of all frequencies. Noise of this type is “white” noise or 
“thermal” noise; the latter name is derived from the fact that a familiar 
source of this type of noise is a function of temperature. Every electrical 
conductor, even if unconnected to a complete electrical circuit, generates 
noise by the random motions of current carriers; these motions are caused by 
thermal agitation. Thermally caused noise has been investigated and the 
rms magnitude of the voltage (Z,,) is given by the Nyquist relation, 


n? 


4kRT(BW) (9-1) 


where k = Boltzmann’s constant = 1.38 X 10~*° watt-sec/per degree Kelvin 
R = resistance of the conductor 
T = temperature of the conductor in degrees Kelvin 
(BW) = bandwidth of the measuring system in cps. 


Eq. (9-1) provides us with a relationship for the thermal noise voltage across 
a given resistance. The value of noise voltage (and noise power) depends 
upon the bandwidth of the measuring device, for, since the spectrum is flat, 
a wider band contains more noise. When speaking of bandwidth in this 
application, the word technically refers to an ideal pass and rejection char- 
acteristic, although the frequency span between half-power points may be 
used as an approximation. 

Eq. (9-1) informs us that to minimize thermal noise, the use of high-valued 
resistances must be limited. An additional noise source is found in carbon 
resistors because the passage of direct current forms minute arcs between 
carbon granules, resulting in high noise generation. This internal contact 
noise can be eliminated by the use of low-noise resistors in critical applications 
and should not be confused with thermal noise. 

As an example of the amount of thermal noise generated, consider a one- 
megohm resistor at 20° C (293° K) and a four-megacycle bandwidth, as is 
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used in television video amplifiers. From Eq. (9-1), we could expect 254 
microvolts of thermal noise. 

The transistor generates thermal noise primarily because of its base resist- 
ance. In any practical circuit the resistance of the signal source is a prime 
contributor of this type of noise. Shot noise, which has a uniform frequency 
spectrum, is also apparent and is due to the randomness of carrier diffusion 
from emitter to collector and subsequent collection, and of recombination, 
the meeting of electrons and holes and subsequent elimination of both as 
carriers. It is possible to specify an equivalent noise resistance for these 
sources of noise in the transistor. Information of this sort is not available 
from manufacturers and must be obtained by testing. 

Another type of noise is present in transistors, the so-called semiconductor 
or 1/f noise. Noticeable particularly at low frequencies, the power density 
(watts per unit frequency) varies inversely with frequency and it is believed 
that this phenomenon arises from surface activity; it is dependent upon 
collector voltage, current and temperature.? Above a frequency of from 
several hundred to several thousand cycles per second, white noise predomi- 
nates, below that range 1/f noise is important. The original transistor, the 
point-contact variety, was extremely noisy; 1/f noise predominated throughout 
the usable frequency spectrum. 

Since with semiconductor noise, the noise power per unit frequency is 
inversely proportional to frequency, it is possible to dete’mine the noise con- 
tent of a band by integration of K,f—’ over the range of frequencies in which 
our interest lies. The resulting relationship is 


Noise power = Ko nt (9-2) 
1 
from which 
E,? = K a (9-3) 
fi 


In the above equations, the K symbol always represents a constant term, f;, and 
f, are the upper and lower frequency limits of the band being considered, and — 


E,, is the rms value of noise voltage. The transistor manufacturer often speci- 


fies information to enable us to evaluate K in Eq. (9-3), and thus to calculate — 


E,, due to 1/f noise. 

The measure of the noise quality of an electronic device is the noise figure; 
it is customarily given for transistors that are to be employed in low-level 
circuits. Noise figure is defined in several ways, probably most widely 
accepted is “the ratio of total noise power at the load of the stage to the noise 
output power due to thermal noise in the source impedance.” Noise figure 
is always expressed in decibels, is independent of load but is dependent upon 
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source resistance. Commonly symbolized by F, noise figure can be expressed 
in terms of available S/N ratios as 


S;/N; 
S0/No 


Subscripts 7 and o refer to input and output respectively. Since S,/S; = G, 
and available noise power, with matching, is N; = En?/4R,, Eq. (94a) can 
be written as 


(9-4a) 


= No 
~ GkT(BW) 


If no noise is added by the transistor, F equals unity, or zero db. A low value 
of noise figure is desirable. 

Transistor manufacturers often specify a spot noise figure, F,, which applies 
at a test frequency of 1000 eps, for a given source resistance (R,) and a band- 
width of 1 cps. The 1000-cps frequency is taken to be ‘within the 1/f noise 
region so this will be the predominant form of transistor noise. From the 
definition of noise figure, we may conclude that, in a region where 1/f noise 
predominates, 


(9-4b) 


yp _ tETRA(BW) + Kn hi/f) 
4kTR,(BW) 


Eq. (9-5) approximates the ratio of total noise to source noise at the output. 
Let us evaluate Eq. (9-5) when (BW) = 1 eps, f; = 1000 cps and f, = 
1001 cps. The natural logarithm of f;,/f; is 0.001. Then 
K(0.001) _ 6.25K (10!%) 


Fy = 1} ——— = 1 + —_—— ° a 
“TR, + Z, at 20°C. (9-6) 


(9-5) 


From this equation we may calculate K by knowing F, and R,, thus, 
K = R,(F, — 1)(0.16 X 107"). (9-7) 
Substitution of this relationship into Eq. (9-5) and rearrangement gives 


(BW) 


Eq. (9-8) enables us to find the noise figure for any bandwidth from the 
“1 eps (BW) at 1000 cps” figure provided that the source resistance encoun- 
tered is of approximately the same magnitude as that used to determine F,, 
and also provided that we are in the 1/f noise region. 

Above the 1/f region, we must resort to measurements of noise. For a 
bandspread that encompasses both regions, measurement is also necessary. 
A common test for noise figure uses a noise diode operating in its temperature- 


F=1+ (9-8) 
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limited emission mode; it is known to produce a noise current 


In = V3.2 X 107197 q-¢(BW) (9-9) 


when the direct plate current (Jac) flows.* Noise voltage in R, can be repre- 
sented by 
Vn = Ing. (9-10) 


The diode is connected as in Fig. 9-1 and a reading of amplifier output (V.) 
taken with noise diode current of 


Jee zero. Vo is composed of amplified 
thermal noise from R,, and transis- 

Ry tor noise, but the amplification is 

R, not known. If the noise diode is 

-R = = + then added to the system, and its 


direct current adjusted by filament 
Fig. 9-1. Noise diode test arrangement. voltage control until an amplifier 

output of twice the preceding power 
is attained, then 





2 2 2 
2 (= ) ae (9-11) 


Ry Rt Ri 
From Eq. (9-11) the unknown amplification can be obtained. Thus 


A ite (9-12) 
aoe | 


From the definition, noise figure is the ratio of total output noise power — 


(V,2/Rz) to noise power due to R, as given by Eq. (9-1). This ratio is 
Vo7/ Rr = Vie 


F = ———_ = . 
A,PE,?/Ri E,? 





Therefore, at room temperature, 
3.2 X 107!9Tq..(BW)R,” 
1.6 X 1072°(BW)R, 





Noise figure can be determined from knowledge of the diode direct current — 


and the source resistance after the measurements indicated above have been 
made. 

The curve of Fig. 9-2, a plot of frequency versus noise factor, summarizes 
transistor noise. Semiconductor noise is responsible for a high value of F 
at frequencies below f,, white noise predominates above fi. Because noise 
figure can be defined as in Eq. (9-4b), a reduction in transistor gain and 


(9-13) — 


= 201 a-cRg. (9-14) © 
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corresponding reduction in S,/N, causes an upswing of the curve at fo. 
(There is no reduction in that portion of N, due to the collector current.) 
Research is directed toward lowering f; and increasing f2; for some transistor 
types f,; is in the neighborhood of 
100 cps, and advances in the design 
of high-frequency devices have made 
types available with fz equal to 150 
me. 

Some additional thoughts concern- 
ing noise are appropriate: Terman 
and Pettit !7 have summarized noise 
testing; Lo® has concluded that the 
noisiness of a transistor is more or 
less independent of the configuration 
employed, whether common-base, 
common-emitter or common-collec- Fig. 9-2. Noise output of a typical 
tor; an extremely low noise figure is transistor. 
possible if collector voltage is very 
low or slightly negative according to Volkers and Pedersen; ” and finally, it 
may be stated that noise figures of present-day low-noise transistors are com- 
parable to those of vacuum tubes used for similar applications (2 to 4 db). 

9-2. Volume Control. It is often necessary to provide a manual means for 
setting or adjusting the gain of many types of circuits: audio amplifiers, servo 
amplifiers, radio and television receivers. The placement of a variable re- 
sistance in a transistor circuit for this purpose is complicated by the absence 
of isolation between stages, and therefore the choice of a location for the 
control requires a great deal of study. When deciding upon a location, at- 
tention must be paid to the following: 


Semiconductor 
or Vf 





Log Frequency 


1. The volume control should usually provide for complete attenuation 
of the signal. 

2. D-c biasing should not be upset by the adjustment of the control. 

3. Overall frequency response should not suffer as a result of changed 
impedance levels. 

4. The load on a stage should not be shifted by adjustment of the control 
because of distortion considerations. 

5. If the control is located too near the circuit input, the S/N ratio may 
be adversely affected. 

6. Location of the control too near the circuit output may allow over- 

loading of prior stages. 
. Direct current through the control will contribute to circuit noise. 
. The taper specification for the potentiometer should not be unrealistic. 


on 


In nearly all installations, a compromise results, as circumvention of all 
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the limitations posed by the items listed is impossible. Generally, the loca- 
tion of the control is near the circuit input, often items 3 and 4 cannot be 
completely satisfied, and consequently frequency response is dependent to 
some extent upon control setting. 

Indiscriminate positioning of the volume control is liable to cause unde- 
sirable circuit operation; therefore, with the help of several illustrations, let 
us briefly investigate the problem. Consider the circuit of Fig. 9-3a. The 


—Ezp —Epp 


— 
(b) 


-E BB -E, BB 
Ae { 
*teR{ R,— 


i (c) 
Fig. 9-3. Volume control placement and arrangements. 
volume-control setting will affect the a-c load line of the first stage and may 


or may not cause trouble. Circuit frequency response will change with setting 
and direct collector current in the potentiometer can result in noisy volume 


variation. The taper of the control must be tailored for the application. For — 


the series control circuit of Fig. 9-3b, complete attenuation is not possible, 
however the control does not pass any d-c. The rheostat will be several 
hundred thousand ohms, but near its low end it may affect the load on stage 
number one. Frequency effects will be small. 

In the circuit of Fig. 9-3c, consider all resistances including the control to 
be equal to the nominal input resistance of the following stage. Let us investi- 
gate the resistance (Rz) presented by this combination to the preceding stage. 
K designates the fraction of the variable control tuned in. The load is given by 


Ri — K)R] RKR 


fu=?2ia-KR’ R+KR 
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So 


1+ 2K — 2K? 
| . (9-15) 


lees 24+K—K? 
At each end of the setting, Ry, = 0.5R, and at the center Ry = 0.67R. When 
we consider that this network will be paralleled by the collector resistor of 
the preceding stage, this variation in Ry is not too great for many applications. 

An effective means of volume control is illustrated in Fig. 9-3d. This system 
makes use of two ganged potentiometers to maintain a constant load on the 
preceding stage. The taper of the pots can be chosen for the desired degree 
of constancy. 

Many other arrangements are possible. In radio receivers, the control is 
almost always located at the output of the second detector (see Chapter 8). 
A feedback line oftentimes provides a convenient place for gain control; the 
amount of feedback is adjusted to determine overall amplifier gain. 

9-3. Shaping of the Frequency Response. The designer of an audio ampli- 
fier is almost always required to provide frequency insensitive amplification 
throughout the audio range, usually considered as 20 to 20,000 cps. While 
oftentimes the cost of precision components alters this general specification, 
nevertheless the problem of adequate frequency response is always prevalent. 
For amplifiers used in control systems a flat response is generally required 
although the frequency range specification is narrower than for audio circuits. 

In addition to the basic flat response requirement, the circuit designer 
usually must provide a network or series of networks for shaping the frequency 
response characteristic to equalize variations that may be due to other devices 
or circuits or requirements (such as the human ear). In audio amplifier cir- 
cuits, it is desirable to provide for manual adjustment of the frequency re- 
sponse (such a circuit is generally termed a tone control). Placement of an 
adjustment of this type is a more 
complex problem in a transistor cir- 
cuit than in a vacuum-tube circuit 
because the tone-control network is 
always loaded down by the input re- 
sistance of the transistor stage that 
follows. 

One solution to the tone-control 
location problem is to incorporate a 
frequency selective network in a feed- 
back loop. More often it will be Fig. 9-4. Sample tone control circuit. 
found preceding one of the early 
stages of a cascade amplifier. A satisfactory arrangement is shown in Fig. 
9-4. A shunt circuit consisting of a capacitor and an adjustable resistance 
precedes a stage with emitter feedback. The input resistance of the transistor 
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has been boosted to perhaps 25,000 to 50,000 ohms in order to minimize its 
loading effect upon the R-C leg. The operation of a circuit of this type may 
be analyzed by considering the signal current that reaches the transistor base 
at various frequencies. At low frequencies, the capacitor will present a large 
reactance to the signal, and so nearly all of the signal will reach the transis- 
tor base, but at high frequencies where the reactive effect of the capacitor is 
negligible, signal current will find an 
easier path to ground through the 
R-C network and thus a smaller 
proportion will reach the base. Such 
a circuit can be classified as “treble 
cut”? because it serves to attenuate 
higher frequencies. 

Consider a transistor amplifier be- 
ing fed from a signal source of volt- 
age E, and internal resistance R, as 
shown in Fig. 9-5. It is our desire 
to investigate the transfer function 
E,/E,, which represents the ratio of voltage available at the base of the 
transistor (and consequently base current) to the transducer-voltage output. 
A solution of the circuit for the required transfer function yields 





Fig. 9-5. Equalizing network. 


Ey R,(1 + joCRz) 


i ae Lt (9-16) 
E, (Rg + Ri) + joC(RRe + R,Ri + R-R;) 


At very low frequencies (i.e., # — 0) 


ss pe (9-17) 
E, R,etRi 
and at very high frequencies (i.e., 0 — ©) 
Be = ec (9-17b) 


E, R,R; + R,R:i + RR: 


The denominator term of Eq. (9-16) will be frequency sensitive at lower 
values of w than will the numerator; consequently the equation predicts an 
increasing attenuation throughout the frequency band from the first ‘“‘break’”’ 
that occurs at 

R, + R; 


= ————____—_—— (9-18) — 
C(R,Rz So RR; + R,Ri) 


Wlo 


to the high-frequency “break” due to the numerator term that occurs at 
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! (9-19 

(e) an => . J 
hi = GR ) 


The frequency response of the transfer function E,/E, is plotted as Fig. 9-6. 

A break frequency results when any term in an equation takes on the form 
K+jK. At frequencies below the break, the term is primarily real, above 
the break, the term is primarily imaginary. Analysis of frequency-variant 
expressions by means of break frequencies and straight-line diagrams is 
reserved for more advanced texts. The reader is referred to any book on 
feedback control systems for discussion of this method of analysis. 


Gain in db 


| 
| 
| 
| 
| | 


®, ®,; Log frequency 
Fig. 9-6. Performance of the network of Figure 9-5. 


The range of adjustment afforded by variation in R, can be seen from 
examination of the break-frequency expressions. If R, approaches zero ohms, 
then w7. increases because the magnitude of the denominator of Eq. (9-18) 
has been reduced, and w,; is extended out to infinite frequency. An increase 
in R, will have the opposite effects, the low-frequency break will occur at 
even lower frequencies and the high-frequency break will also occur at a lower 
wW. 


Example. It is desired to design a frequency selective network to precede 
the first stage of an audio amplifier; the input resistance of the transistor is 
1000 ohms, and the source resistance is 1000 ohms. The network should at- 
tenuate frequencies above 1000 cps, and we are not interested in the range 
above 10,000 cycles. 

We shall use the circuit of Fig. 9-5. The circuit elements to be determined 
are C and R,. If we set wz. = 27(1000) rad per sec and wp; = 27(10,000) 
rad per sec, then R, may be determined by noting that 


wri 27 (10,000) bi, i 1/CRz 
wig 2 (1000) (Ry + Ri)/C(R,pRe + RRi + RzRi) 


Therefore, 
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§R,(R, + Ri) = RR, 








and 

R, = 55.6 ohms. 
Then we may determine C from the formula for );: 

1 
C = 
only 
1 
~ 2n10*(55.6) 
so 
C = 0.286 uf. 


It is interesting to note that the size of R, is mainly dependent upon R, and 
is fairly independent of the network load resistance FR; for small values of Rg. 
When driven from a current source, i.e., when R, is large, R, may take on 
higher values. 

Equalization networks are useful in audio amplifiers to shape the frequency 
response in accordance with some predetermined specification. An example 
of a requirement of this type is furnished by the Record Industry Association 
of America (RIAA); phonograph records that have been cut according to 
their standards require, for flat frequency reproduction, an equalizing network 
within the amplifier whose operation should be as shown in Fig. 9-7. A net- 
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Fig. 9-7. RIAA playback (reproducing) characteristic. 


work to achieve a response of this type will include a shunt leg consisting of — 


R and C in series at the amplifier input. 


In the field of autcmatic controls (servomechanisms, etc.) frequency= 


response shaping is commonplace, and numerous networks have been prée= 
sented and analyzed by many authors.’ The voltage-transfer function (ratio 
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of output to input voltage) is usually given for such equalizing networks under 
the assumption of no loading of the network by the amplifier or circuit that 
follows. Because of the finite nature of transistor input resistance, transfer 
functions for unloaded networks must be modified when connected preceding 
a transistor. A common-collector or degenerative common-emitter stage is 
often employed to provide some degree of isolation. 

9-4. High-Frequency Performance. Chapter 5 introduced the limitations 
on high-frequency performance imposed by the frequency dependence of alpha 
and the collector-junction capacitance, and it was concluded that in the upper 
audio range it is desirable to investigate these factors when calculating the 
expected performance of a transistor circuit. For bands above the audio, 
many small-signal equivalent circuits have been proposed; indeed, practically 
every manufacturer will present an equivalent circuit for his high-frequency 
types that most closely approximates the operation obtained from develop- 
mental units. Many of the specialized high-frequency equivalent circuits 
contain too many parameters to be useful for the calculation of circuit gains 
and impedance levels, and consequently the equivalent circuits serve princi- 
pally to explain the limitations of the device. It is recommended that the 
circuit designer avail himself when possible of the manufacturer’s equivalent 
circuit for the type or types he wishes to employ. 

A mathematical treatment of the diffusion processes within the transistor 
has been given and will not be reproduced here. Such computations show that 
all transistor parameters are complex functions of frequency. In addition, 
so-called “parasitic” effects must be considered in order to arrive at a true 
equivalent circuit for high-frequency analysis. One such element is the “base- 
spreading resistance,” for which we shall use the symbol 7». (Although this 
parameter is often symbolized by 7», it should not be confused with the small- 
signal base resistance 7, of the current-generator equivalent tee network.) 
Base-spreading resistance is the electrical resistance of the base material and 
is proportional to the resistivity of the base material, and inversely pro- 
portional to the thickness of the base. It is not possible to reduce arbitrarily 
the resistivity of the base material, and consequently eliminate ry», because 
collector capacitance, emitter efficiency, and junction breakdown would be 
adversely affected. Consequently a compromise must be made by the device 
designer. The emitter and collector materials also are resistive, but being 
more highly doped than the base material, their bulk resistances do not 
materially affect operation. 

Other parasitic elements are barrier (transition or depletion-layer) capaci- 
tance, which shunts the collector-current generator of the transistor equivalent 
circuit; and leakage conductance, which parallels these elements. Interelec- 
trode capacitances are also sometimes included in high-frequency studies. 

The low-frequency current generator 7'-circuit is shown in Fig. 9-8a. The 
ry parameter includes base-spreading resistance and additional (fictitious) 
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resistance to provide for the known internal feedback within the device. To 
separate these two effects, the circuit of Fig. 9-8b has been devised, with 
collector circuit-emitter circuit feedback characterized by the behavior of the 
generator pv,’. («4 is a new parameter introduced for this purpose.) This 
circuit bears a high degree of similarity to the hybrid equivalent described 


QAgte 





Ante 





Fig. 9-8. -circuits: (a) low-frequency equivalent; (b) modification of (a); (c) high- — 


frequency equivalent. 


previously, except that in Fig. 9-8b the base-spreading resistance is brought 
out from the internal base b’ to the external base b. Actually roy is often 
50 to 100 ohms; ry is approximated by several hundred ohms. 

Should high-frequency performance now be considered, the low-frequency 
current transfer ratio a, must be altered to include the effects of frequency. 
Thus, from Eq. (5-18), 


+ PP Rite. 


Collector-to-base barrier capacitance introduces a low reactance which paral- 
lels 7-. In most high-frequency studies, then, 7, is unimportant, The circuit 
of Fig. 9-8c includes collector-junction capacitance and a rather than a. This 


(9-20) ; 





COMMUNICATIONS AMPLIFIERS 239 


circuit is useful for high-frequency studies even with r, and yw,’ removed, for 
as the reactance of C, decreases, the wu,’ generator becomes of lesser impor- 
tance, and the circuit is often approximated by only the re; ray, Co, and a 
parameters. 

Under the condition that the transistor is matched to the circuit load, the 
common-emitter connected transistor 7'-circuit can be solved for its available 
power gain. Two conditions warrant study—when rp» is constant and real 
and therefore independent of frequency, a condition approximated by the 
fused-junction variety, and the grown-junction behavior wherein base- 
spreading impedance is a complex quantity. Pritchard ” has shown that for 
the former transistor type, available gain can be given by 


1 fob ) 
Ga =—S 9-21 
25f? (“= ( ) 


for 0.05 — 0.1 < (f/far) < 2 





IR 


while for a grown transistor 


Sav” | (9-22) 


Gay = | A 
: 10nf” [= 4, 
for 0.05 — 0.1 < (f/fas) < 2 and [roy (f/fav)re’)* > 1 


r,! is the Schockley, et al., emitter resistance, and is equal to kT'/eIz. Van der 
Ziel ® describes the above equations and concludes that the common-base 
operation for fused-junction units depends upon the same parameters. Hence 
it is not only necessary for a transistor to be characterized by a high alpha 
cutoff frequency, it must also exhibit a low ryyC, product for good performance 
in the radio-frequency spectrum. The 2N344, for example, has an ryyC. 
product of 1200 uysecs. 

From an examination of Fig. 9-8c it can be concluded that ry, will provide 
an unwanted feedback of output signal into the input circuit; this feedback 
will increase with frequency because the reactance of C, decreases, and the 
net result is a deterioration in the gain magnitude, and a reduction in output 
impedance. 1») effectively lowers the Q of the capacitive output impedance, 
requiring a low Q load for matching, nt 
and, as a consequence, power gain is 
severely limited at high frequencies. 

The transit time for carrier diffu- 
sion through the base of a transistor 
can be specified in terms of the alpha 
cutoff frequency, and in the circuit of fig, 9-9, Current division in a parallel 
Fig. 9-8 the collector current gen- R-C circuit. - 
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erator is designated as ai,. Either a or 7% can be thought of as frequency 
sensitive. Suppose that i, were dependent upon frequency effects, for in re- 
ality the reduction in alpha is the result of the injected charge concentration 
in the base region varying with distance from the emitter junction, and it can 
be shown that this effect can be described by a capacitance which shall be 
called the emitter-diffusion capacitance. 
If, to describe this effect, the transistor’s emitter branch were to be of the 
form of Fig. 9-9, then, by current-division principles, the current through 7; is 
ce ech ee ee (9-23) 
re'+ 1/joC. 1+ joCer,’ 


Now the equivalent-circuit current generator could become 


Ale Ale 


as (9-24) 
1+ joC ere’ 1+ jo/Wab 


Qoly = 
provided that 


1 
C.re'= —: 
Wab 


Therefore emitter-diffusion capacitance is 


1 


Cin (9-25) 





PeWde, b 


The high-frequency equivalent circuit of Fig. 9-10 includes emitter-diffusion 
capacitance, collector-barrier capacitance, and base-spreading resistance, anc — 
is generally satisfactory for describing the transistor in the common-base 
orientation at the higher frequencies. For common-emitter circuit studies 


the hybrid-z circuit of Fig. 9-11 has gained a substantial amount of accept- 
Aly 





Fig. 9-10. Another form of the high- Fig, 9-11. The complete hybridew 
frequency T'-cireuit, equivalent circuit, 
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ance, for it lends itself easily to the entire usable frequency spectrum, and 
contains a single generator. 

The hybrid-z also has an external base terminal b, an intrinsic or true base 
b’, and ‘base-spreading resistance ry, joining those points. Resistances 
Torey To'e, ANA Tee, and current generator gms. constitute the low-frequency 
parameters, with capacitances Cy. and Cy, of importance at higher frequen- 
cies. gm is a conductance with ohms’ its unit, but because a conductance 
may be thought of as the ratio of current to voltage, it is usually given in 
ma/volt and has been termed ‘‘intrinsic transconductance.” 

The conversion from the common-base 7’ of Fig. 9-10 to the common- 
emitter hybrid-z circuit can be made with the following approximate results: 


t 








le Qo 
The = ’ g. =—) 
1 — a i fe 
Tere! 
cle 
Toe = ————_": Cure = Co; (9-26) 
Te'+ u(1l — ao)re 
vs! 1 
Tce = —* Cye = Co = " ; | 
L TeWad 


Notice that none of the hybrid parameters depend upon f. In an eloquent 
treatment, Middlebrook has shown that all of the parameters of the hybrid- 
a are frequency sensitive, but some to a very slight degree. His admittance 
relationships, slightly modified, are 


Yor = Ky(1 — a + J1.19f/far), 

Yoro = Ko(1 — a + 71.19f/fas) + joCe, 
Yee = Ka(1 — 70.214f/fas), 

9m = Ka(1 — 70.214 f/far). 


(9-27) 


Eqs. (9-27) show that even to the alpha cutoff frequency the collector-to- 
emitter parameters are not seriously disturbed by frequency, but from base 
to emitter, as has been the case, emitter-diffusion capacitance can be employed 
to explain frequency effects. For the internal feedback path from base to 
collector, resistance and two parallel capacitances are obvious; one is the 
normal collector-base barrier capacitance, the other, a much smaller diffusion 
capacitance, can be neglected in many engineering studies. 

Because the hybrid-7 needs five low-frequency parameters, while only four 
are used in the 7'-circuit and the matrix h-circuit, it is necessary to know an 
additional parameter for the latter two networks in order to convert to the 
hybrid-7, This extra parameter is the base-spreading resistance. Using the 
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normal tools of circuit theory, the relations may be derived; Table 9-1 lists 
some of the possible equalities. 


TABLE 9-1. APPROXIMATE RELATIONS AMONG PARAMETERS 








Ym db’ e 

‘e = hie — Top’ a= 

To'e a bb LP gris 
hie — Tov Tb’e 

CS = Th = bp’ i 

re : wT 1+ (Tee/To'e)(1 + Ym’ e) 
= hye Lt ty 1 

Om hie — To Te Tore Teel + Ymio’e) 
Sp ee oe ee ee 

‘ce one hie — Tov’ . a + Gb’) + To'e/T ce 





A “Miller effect” is evident in the transistor because of the similarity 
between the “boxed” portion of Fig. 9-12 and the standard representation 


Thy! 





Fig. 9-12. Hybrid-m circuit analyzed for input capacitance. rv. has been omitted 


from the diagram. 


for a triode-tube equivalent circuit including interelemental capacities. The 


Miller effect is essentially a large input capacitance due to the mutual element, — 


Cyr, in this circuit. An investigation of J; is enlightening: 


T; = In + Is. (9-28) 
Now 

I, = joCoeVi, (9-29) 
and 


Zz, is generally a small impedance compared with the other parallel paths, 
Consequently, 


Y= — GmViZi. (9-81) | 


In = —joCoe(Vo jie Vig) (9-30) 
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A combination of the foregoing equations yields 


L 
a= Va = GelCrre + Covell + omZx)] (9-82) 
a 
Notice that Cy. has effectively been multiplied by a term (1 + g,Zz) con- 
siderably greater than unity. This, then, is the ‘‘Miller effect’’; the total 
input capacitance is much greater than Cy... Typical parameter values will 
be.given in an example to follow. 

Should the load impedance, Zz, be inductive it is easy to prove that Y; 
will have a negative real part; a negative resistance physically means that 
power is being fed back from the out- Rs 
put circuit through Cy,., and under 
certain conditions oscillation may oc- 
cur. Neutralization, discussed later, 
can be used to minimize this internal 
feedback. 

Use of the hybrid-7 circuit to pre- 
dict the frequency response of a tran- Fig 9-13. R-C network simulates 
sistor circuit is quick, convenient the input to a transistor stage. 
and fairly accurate. For a circuit 
of the form shown in Fig. 9-13, by voltage-division principles, 


RE; 
R + Rg + joCRRs 


Now the voltage ratio will reduce to 0.707 of its reference value when the 
denominator is in the K + jK form, or when 


_R+Rs 
~ InCRRg 


We shall designate fy as the upper-cutoff frequency, the frequency where the 
circuit-voltage gain is 3-db down from its reference value. Eq. (9-34) applies 
to the transistor, for the input circuit of the transistor may be approximated 
by the circuit of Fig. 9-13, with source resistance Rg (includes ryp,), input 
resistance R of about ry-., and input capacitance C consisting of Cy, and Miller 
effect Cyc as given by Eq. (9-82). 

A numerical example is in order. It is desired to find the upper-cutoff 
frequency for a stage coupling a 500-ohm source to a 1000-ohm load. Assume 
the transistor parameters to be: 





E, = (9-33) 


fi (9-34) 


fas = 6 me, r;| = 25 ohms, 
a = 0.98, ry = 100 ohms, 
Co = 10 pul, rp = 2X 10° ohms. 
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Calculation of hybrid-7 parameters yields 








Qo 
Im = — = 39 ma/volt, 
Te! 
Te! 
Tore = = 1250 ohms, 
1 — a 
1 
Core = —— = 100 mut, 
Te®Wad 


Cin = Core + Col + GmZ1) = 1460 upf. 


The upper-cutoff frequency, as given by Eq. (9-34), is 300,000 cps. A lower 
load resistance will reduce Cj, and raise the cutoff frequency. Also a smaller 
source resistance will allow operation to higher frequencies. Included with 
Rg is roy, and therefore the limiting effect of that parameter is evident. 

9-5. The Video Amplifier. A video-frequency or broadband amplifier is 
one capable of providing uniform amplification throughout a wide frequency 
range, often the required range is from 30 or 60 eps to about four megacycles. 
Sometimes the bandwidth requirement is different from the numbers cited, 
as they refer to applications in the television field, but in general a video 
amplifier must exhibit a flat response out to several megacycles. 

To achieve a flat response, compensating networks are incorporated to 
couple stages and to provide a boost in amplification at the high-frequency 


end of the video spectrum where alpha deterioration and shunt capacitances — 


have maximum effect. Transformer coupling is not used, because of its in- 
herent narrow bandwidth; R-C coupling with associated peaking networks 
has become standard. 

As discussed in the material of Chapter 5, a falloff in amplification is 
apparent at low frequencies in a transistor circuit because of the high reac- 


tances of coupling or. blocking capacitors. At high frequencies, transistor 


capacitances, wiring capacitance, and reduction in alpha are to be contended 
with. The shunt capacitances will cause a minimum of difficulty if low input 


impedance connections (such as the common-base or conmmon-emitter) are 
employed; however, the rapid reduction in a and B with frequency can cause — 


a great deal of gain reduction. 

For circuits employing the common-emitter connection, voltage ampli- 
fication is satisfactory well beyond fae; nevertheless, unless transistors with 
very high alpha cutoff frequencies can be afforded, it is necessary to provide 
some sort of compensation to extend the usable range. 

Let us first discuss extension of flat response to low frequencies. Transistors 
themselves present no problems because parameters are real and constant, 
Direct-coupled video amplifier stages are possible, and will add no low-fre- 
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quency operational restrictions, but the problem of drift with direct coupling 
has, in the past, caused most designers to choose capacitive coupling. The 
capacitor to be used must be of high value because impedance levels are low; 
since biasing potentials are also low (as compared with tube circuits) the sive: 
ical size of large coupling capacitors 
is not objectional for most applica- 
tions. 

It is often desirable to employ a 
low-frequency compensating network 
for the purpose of extending flat re- 
sponse. Such a circuit appears in = = 8 
Fig. 9-14. At low frequencies cur- ns 
lac dsc veeaie a of the first Fig. 9-14. Low-frequency compensating 

es Ry — jX<o in parallel network coupling video amplifier stages. 
with R; —jX., and at higher fre- 
quencies the effective stage load is R, paralleled by R;. It is desired that the 
current through FR; be independent of frequency at low frequencies, a condition 
that can be achieved if 





Rk, C 

Ri Cs (9-35) 
R,z must be a great deal larger than X,2 for Eq. (9-35) to be valid. Proof of 
this criterion is left to the reader (Problem 9-9). 

Should a practical size of Ry cause unsatisfactory performance, improvement 
may be noted if a resistor in series with a very large capacitor is inserted to 
shunt C. This shunting resistor across C should match Re across Co. 

Turning our attention to high-frequency performance, it is usually desired 
to flatten the amplifier gain versus frequency curve to several megacycles. 
Here the problem is to compensate the transistor for its high-frequency limita- 
tions : this compensation is achieved in the interstage coupling network or 
in a transistor emitter leg where signal feedback is affected. The preceding 
chapter considered bandwidth versus feedback—bandwidth may be extended 
by using feedback, whether it be local or multistage. 

For a common-emitter stage, current gain is given approximately by 





Qa, 
A; —Bo = = me 
Ler (9-36) 
The high-frequency current cutoff frequency is 
Sh = fae = (1 rang Oo) fad: (9-37) 
It may be concluded that the potential gain-bandwidth product is 
A ify & fan. ; (9-38) 





<r ttn ia 
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For a common-base stage, the same product is applicable. By addition of 
degenerative feedback, gain is reduced but bandwidth is increased, and, it is 
possible to trade gain for bandwidth when using the common-emitter con- 
nection. 

One means of extending frequency response is to incorporate a frequency- 
sensitive collector-circuit network that steals a considerable current from the 
actual circuit load when low-frequency signals are present and transistor 

Cc amplification is high, but drains 
little or no current away from the 
actual circuit load at high frequencies. 
Such a circuit is the R-L shunt of 
Fig. 9-15. The shunt inductance is 
a low reactance at low frequencies, 
and the transistor collector sees R, 
paralleling Z;. The high reactance 
of L, at high frequencies results in 
an a-c circuit load which is essen- 
tially Z;. Extension of response to 
higher frequencies may be achieved by adding a series “peaking” coil (in 
series with the coupling capacitor, C). 

Synthesis of video amplifiers generally proceeds experimentally because of 
the many complex quantities that are present, and some parameters change 
value with frequency. Shunt capacitances and reactive loads tend to make 
mathematical analysis difficult; such studies are undertaken in the more 
advanced texts.” 

Video amplifiers often feed a high-impedance load, such as a cathode-ray 
tube, and consequently the final video stage is required to provide a large 
degree of voltage amplification. Capacitances represent a problem with high- 
impedance levels; another problem encountered is the required peak-to-peak 
voltage swing, and thus a high-frequency, high-voltage power transistor is 
required. A low-voltage CRT is available. 

Some additional video amplifier considerations are evident in the circuit 
described in Appendix III. The reader is also referred to Sec. 11-2 of the text. 

9-6. Tuned Circuit Theory. Before discussing the tuned amplifier a review 
of the applicable portion of circuit 
theory will be undertaken. 

Impedance Transformations. First 
let us investigate the mathematical 
transformation of series and paral- Ls 
lel impedances. Consider the series 
R-L and the parallel R-L circuits of 
Fig. 9-16. The impedance of the fig. 9-16. Series and parallel R-L cir 
series circuit is cuits. 





—Ecc =E BB 


Fig. 9-15. Shunt peaking circuit for 
wide-band amplification. 


Rs 








COMMUNICATIONS AMPLIFIERS = AY 
Zs = Rs + jX1s, (9-39) 
and of the parallel circuit is 
Zp = jXipRp 
Rp +jXvp oo 


The S and P subscripts pertain to series and parallel circuits respectively. If 
we wish to equate the two impedances, then 


jXipRp 
Rp + jXip 
Multiplication of both numerator and denominator of the righthand side by 


) ag nar terms, 


Rs + jXis = (9-41) 


Xip*Rp jXipRp? 
Rp? + Xpp?—— Rp? + Xip? 


ane 


Rs + jXits = (9-42) 


Xzp*Rp 


aaa a Bea 
Rp? + Xzp? 


(9-43) 


and the series inductive reactance that can take the place of the parallel circuit 
reactance is 


x XzppRp* 
LS => —————_ + \—. 
Rp? + Xi? ia 
If the admittances of each type of circuit are equated, 
a Rs’ + Xz” 
p= a (9-45) 
and 
x Rs? + Xz” 
0) ica ae aE — 
Xia (9-46) 


Eqs. (9-43), (9-44), (9-45), and (9-46) provide the tools for conversion from 
one circuit form to the other. These relationships can be employed when the 
circuits contain R and C rather than R and L. For this use it is only necessary 
to replace each X7, in Eqs. (9-43) through (9-46) by Xc. 

Let us now define the Q or figure of merit of the series circuit previously 
considered as the ratio of inductive reactance to resistance 


= *us 


Q Rg 


(9-47) 
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at any designated frequency. The series definition of Q may be used for a 
parallel circuit by making use of the proved interrelations, Eqs. (9-43) and 
(9-44). The division indicated in Eq. (9-47) yields 
Rp 
Q=—: (9-48) 
XLP 
By equating admittances of the two circuits, the following relationships 
can be proved: 
Rp = Rs(1 + Q”) (9-49) 
and 
Xip = Xis(1 + 1/Q?). (9-50) 


A single inductance coil is, in reality, a series R-L circuit. Therefore such 

a coil is often described by its own Q, the ratio of its series reactance to re- 

sistance at a specific frequency. The discussion of the preceding paragraphs 

pertains to complete circuits or to single coils; in the material that follows, 

Qc will be used to designate the quality factor of a single coil while the symbol 
Q will be reserved for use as a measure of overall circuit selectivity. 

The circuit consisting of a parallel combination of capacitance and a prac- 

tical inductance coil shown in Fig. 

9-17 can now be replaced mathemat- 

ically by the parallel R-L-C circuit 

of Fig. 9-17b; the value of R being 

given by Eq. (9-49). As an example 


consider a coil with a Qc of 100 and ' 


(a) (b) Rs of 10 ohms. Equations (9-49) 


Fig. 9-17. Tuned circuit equivalence. and (9-50) enable us to substitum 


parallel resistance of 10° ohms and — 


inductive reactance of 1000 ohms (essentially the same as the series reactance 
because of the high quality of the coil). 


We have, therefore, an undamped or coil quality factor Qc, and a circuit | 


quality factor Q, the latter being defined by Eq. (9-48) as the ratio of parallel 
resistance to inductive reactance at the specified or resonant frequency. In 
the preceding numerical example Q and Qc were identical, for no additional 
circuit resistance or inductance was present. Often, in practice, such tuned 
circuits will be “damped” by parallel resistance and a distinct difference will 
be observed between Qc and Q. 


Example. The coil with Qc = 100 at 100 ke and Rg = 10 ohms is to be 
used in a tuned circuit to resonate at 100 ke, and the overall circuit shall 


exhibit a working Q of 20. Find the necessary parallel capacitance to resonate — 


the entire circuit at the specified frequency, the circuit impedance at resonance, 
and the value of the additional parallel damping resistance necessary to pro- 
vide the required Q. 
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At 100 ke, if Xcp = Xzp, the circuit will exhibit its maximum driving point 


impedance, total current and voltage will be in phase and i 
Sera p nd resonance achieved. 


: 1000 
C = . 


(23) 
The required value of shunt capacitance is 


1 


C = ——_——_ = 0.0 
2r(105)1000 0018 at 
Q is the ratio of total parallel resistance to Xp, and is given by 


> R,10°/(Ra + 10°) 
1000 


Q = 20 
so 
Ra = 25,000 ohms. 


R, must be inserted in parallel with the coil to achieve the proper degree of 


damping. The impedance of the composite circuit at the resonant frequency 
1S 


cule 20,0 
———~ = 20,000 : 
R. + 108 ohms 

Insertion Loss. The analysis of the tuned circuit will now be extended to 
the more complete and practical configuration of circuit elements shown in 


Fig. 9-18. R, is being used to represent the output resistance of a transistor 
stage, Rz is the terminating or load 


resistance, Rp is coil resistance, C is 
the total parallel capacitance and Lp 
the parallel inductance. The current QS Ro Lp E R 
generator I, is feeding the circuit at a : 
the resonant frequency. 

To find the insertion loss due to 


the finite Qc of the coil in the circuit 

with an overall quality of Q we can 

compare the load power delivered under ideal and actual conditions. 
Power to the load with an ideal coil (Rp = ©) is 


Fig. 9-18. General interstage circuit. 





Bas) TAR? 
P, (ideal) = — = — 
Ry, Ry, bis 


where 2 is the parallel combination of Ro and Ry, and 
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: Go+G 
= = 0 L- 
R 


Power to the load with actual or practical coil having equivalent perallel 


resistance Rp is given by 
E? I,” ‘R!? 
P,(actual) = — = (9-52 
1 ) RB. Ri ) 





with 
1 
Rp Go + Gi + Gp. 


The ratio of delivered powers is 


Pr(actual)  [2R"/R RR? _ ( Go + Gz Pre 
P,(ideal) 1,2R?/R, R? \Got+Ge+G@r 


Circuit Q is 





R’ 1 
Xp (Go+ Gp + Gr)Xp 


After making the substitution that Xp = Rp/Qc we solve Kq. (9-54) for 
Go + Gi 


y= (9-54) 











Qc -Q 
G Gr = . ‘9-55 
o + Gr ORp ) 
Manipulation of Eqs. (9-54) and (9-55) yields 
( Go + Gi y= (% - SGReY. 9-56) 
Go + Gp + Gr Qc/QRp , 
Therefore the required ratio is given by 
_ oOr2 
Fniseme) 7 (= “) (¢-57a) 
P, (ideal) Qc 


and 





Insertion Loss (in db) = 20 log 0 a (-57b) 


Cc 


Bandwidth. Bandwidth was defined in a preceding chapter as the frecuency 
span between half-power points, and, of course, half-power points are the 
frequencies where power gain or power transmission has decreased to one half 


of its mid-frequency or reference value. The half-power points correspond — 


to a reduction in voltage or current ratio to 0.707 or 1/ 4/2 of the reference 
value. 
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a this stage it is desired to find a relation between bandwidth, resonant 
requency, and overall quality factor. The circuit of Fig. 9-19 uses single 
k, L and C elements to represent the composite of output, coupling, and load 
quantities. From a summation of currents, 


I 2 + EjwC + 2 
os Jo aa (9-58) 
k joL b(/\) 
so ) _ 
E joLR 


5 et 08) 


Ip RA —wLC) + ju. Fig. 9-19. Composite interstage circuit. 


Load current is proportional to E, although the load resistance was not seg- 
regated in Fig. 9-19, and at resonance E/I, = R. Therefore, to examine 
Eq. (9-59) at the half-power points where w is designated as w3, we may write 

















B) oR vobR 
Il V2 WSR — «32LC)? + «52h? oe 
After making the substitutions that 
R 1 
Q= and w, = ——= — 
w,Lip vV LpC @ sa 


and rearrangement, Eq. (9-60) may be written as 
w3*(Q?/w,”) — w3(1 + 2Q) + Q?w,? = 0. (9-62) 
The solution for w3, if negative frequencies are omitted, is 


— Roe a nes 
; a 





(9-63) 


Now bandwidth is defined by 
(BW) =f, —f,. = 
20 


Substitute Eq. (9-63) in Eq. (9-64) and square to eliminate the radicals. 
linally take the square root of each side of the resulting equation to obtain 


(9-64) 


Sr 
(BW) =—, " 
) Q (9-65) 


the required relationship. 
The relations involving (BW), Q, Qo, Ro, Rr, Rp, R and w, can be juggled 
to arrive at a number of useful formulas; several such rearrangements will 
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now be presented. From 























fr _ R [ 
=~, f, =———= = and Q= (9-66) 
ew) Q i Qnv/, LpC w,Lip 
solution for C gives 
Gee: (9-67) 
w,’Lp 
Eq. (9-67) can be written as 
C= @ (9-68) 
oR 
or as ; 
Cc = ——: (9-69) 
27(BW)R 
Recall that 
Qc = or Rp = w,LpQe (9-70) 
WrlpP 
and that 
eo (9-71) 
Lp 
and furthermore that 
one ee ae om 
R R, Rr orLpQe 
to arrive at ; 
Q- (9-73) 
L ( 1 as 1 4 1 ) 
OrPNR, | Rt &rlpQe 
Lp may be obtained from Eq. (9-73). Thus 
= Rehale = @ onl 
w(Rr + Ro)QQc 
Under matched conditions, R, = Rz and Eq. (9-74) becomes 
i Ro(Qe i= Q) : (9-75) 
20 QQc 


9-7. Tuned Amplifiers. When an active circuit is required to amplify a 
specific band of frequencies and reject: signals of higher or lower wide. 
it is commonly referred to as a tuned or narrow-band amplifier. The va 
tuned, in this instance, refers to the circuit load that is normally a paralle 
L-C circuit designed to resonate at the carrier frequency (the middle frequency 
of the band to be passed). Although amplifiers of this type are referred to 
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as narrow-band circuits, the bandwidth that is successfully passed may be 
many kiloeycles or megacycles. Tuned circuits pass a band that is narrow 
when compared with the magnitude of the carrier frequency. 

In communications receiver circuits, composite radio frequency signals are 
picked up by the antenna and fed to the radio-frequency (R.F.) amplifying 
stage; a circuit of this type is shown in Fig. 9-20. The antenna transformer 
is tuned to select the carrier frequency of the station to be received, and the 
load on the stage is also a tuned circuit. For the AM broadcast band, the 
R.F. stage is required to amplify signals from 550 to 1600 ke; a comparable 





AGC 


Fig. 9-20. Typical R.F. amplifying stage. 


FM circuit covers 88 to 108 me. For television reception, the R.F. amplifier 
must be capable of providing gain for signals of 54 to 88 me, and 174 to 216 me. 
The u.h.f. band is from 470 to 890 me. 


R.F. stages are not employed in all equipments, because of cost and design 
problems. When used their functions are: 


1. To provide signal amplification where the signal is at its lowest level 
with the consequent advantage of increased receiver sensitivity (ability to 
receive weak signals). 

2. To provide additional discrimination against signals in adjacent bands 
(selectivity) and improved image frequency rejection. 

3. To reduce oscillator reradiation. 


A lower gain is to be expected from an R.F. amplifier than can be obtained 
from other receiver stages because of the high frequencies it is called upon to 
handle. All present-day transistors provide greater gain at lower frequencies. 
Because of the low signal levels at this point in a receiver, noise is an important 
factor. 

The intermediate frequency (1.F.) amplifier gets its name from the carrier 
frequency it must amplify, an intermediate value between the high or R.F. 
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and the low or audio spectrums. An I.F. stage always feeds a tuned load; 
high gain and the desired bandpass are thus obtained. In radio broadeast 
band receivers the generally accepted intermediate frequency is 455 ke, for 
TV, radar, FM and other bands a higher I.F. is necessary. The factors in- 
volved in selecting an I.F. are covered in books specifically devoted to com- 
munications. 

As with R.F. stages, I.F. circuits are biased similarly to the audio amplifiers 
discussed in preceding chapters, and bypassed emitter resistance is often used 
for operating-point stability. With high-frequency stages, the coupling and 
bypass capacitors will be of much smaller value because capacitive reactance 
decreases with frequency. 

Practical selective coupling networks will take on the forms of Fig. 9-21. 
In (a) and (b) of the figure a single-tuned two-winding transformer and a 


AC BBE 


Fig. 9-21. Practical selective coupling networks: (a) single-tuned, two winding trans- 
former; (b) single-tuned, autotransformer; (c) double-tuned; (d) single-tuned, tapped 
primary, (e) double-tuned, tapped primary and secondary. 


(e) 


single-tuned autotransformer are shown. Since transistor output and input 
impedance levels are vastly different, the transformer serves to provide im- 
pedance matching as well as selectivity. Tuning of both primary and second- 
ary inductances, as in the circuit of Fig. 9-21c, results in superior performance, 
a flatter frequency response and sharper cutoff at the edges of the passband. 
This network is called a double-tuned coupling circutt. 

The single and double-tuned circuits of the diagram are modified in (d) 
and (e) of Fig. 9-21 to provide for a larger winding inductance and a smaller 
value of tuning capacitance for practical circuits. If N represents the number 
of turns as indicated on the diagram, M the total number of turns, and C is 
the required tuning capacitance for the portion of the winding designated 
by N, then a smaller capacitance, C’r, can be connected across M according to 


Cr = —, C. (9-76) 


Typical of an I.F. stage is that shown in Fig. 9-22. This circuit bears a 
great deal of similarity to an audio-frequency transformer-coupled circuit; 
bypassed emitter resistance FR, is used for operating-point stability, base bias 
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is achieved by Ra and R3—the method called single-battery bias, and R3 is 
bypassed to prevent signal loss in a resistance used for establishing the d-c 
operating point. As previously mentioned, 10 to 50 uf capacitors are not used 
for bypassing at these frequencies; for 455-ke stages capacitances of 0.05 to 
0.1 uf adequately perform the necessary function of presenting low impedance 
to the a-c component of transistor currents. The tuning afforded by C is not 
exclusive with I.F. amplifiers; indeed, tuning is used in audio circuits to 
minimize the signal-shunting effects of transformer primary inductance at 
low frequencies. The need for C, in this circuit, is, of course, to resonate with 


Output 


Input 





O 
+Ecc 
Fig. 9-22. Typical I.F. stage. 


L at the carrier frequency, and the required bandpass characteristic is thereby 
obtained. 

9-8. Instability of Tuned Amplifiers. The transistor is a non-unilateral 
device; its input circuit “senses” the applied load and output characteristics, 
and its output circuit “senses” the source termination and input circuit 
characteristics. At certain frequencies and under certain load conditions, 
as may be experienced with tuned loads, this sensing or internal feed- 
back may result in the input impedance of a stage exhibiting a negative 
real part, a condition for self-oscillation. Calculations of conditions for os- 
cillation are complicated by the fact that at high frequencies all parameters 
of the transistor are complex, the load is complex, and coupling circuits are 
complex functions of frequency. 

If we consider the general h-parameter relationships for input and output 
impedance, namely 


h,hy 
Zi = hi San emaronfomiommireems 9 ise! 
pag (9-77) 
and 
i hyhy 





Z Pane ae i Ze (9-78) 
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it is easy to prove that for certain source and load terminations the real 
portions of Z; and Z, may become negative. Internal feedback as represented 
by the right-hand members of the above equations may be minimized if 
1/Zz,, and Z, are very large numbers so essentially 


Zi,=h; 


and 
1 


Zo — 
ho 


IR 


Another method of minimizing the factors that contribute to instability 
is to make h, and h, more highly resistive. To accomplish this, a resistor may 
be placed in one of the input leads to the stage, and one may be placed in 
parallel with h, across the transistor output terminal pair. 

A third method of stabilizing high-frequency tuned amplifiers is by neutral- 
ization, the process of adding passive circuitry to provide external feedback 
tending to cancel the internal feedback that fosters instability. Neutralizing 
circuitry often practically consists of a single capacitor, or a resistance- 
capacitance parallel combination (or series combination) connected as in 
Fig. 9-23. The connection is often made from the base of a second transistor 
to the base of the preceding transistor with the coupling transformer supplying 


‘caret ciaiate | 
i} 





Fig. 9-23. Neutralized common-emitter Fig. 9-24. Another neutralizing scheme. — 


tuned stage. No biasing is included in the Typical values: R,—3000 to 8000 ohms; 
figure. C,—5 to 10 wuf. Numbers pertain to 


broadcast band. No biasing is shown in ~ 


the figure. 


180° of phase shift (for a typical 455-ke I.F. amplifier, the neutralizing capaci- 
tor will be of a value to 250 yuf, depending upon the transformer turns ratio, 
the transistor used, etc.). The neutralizing scheme of Fig. 9-24 is commonly 
employed in radio receiver I.F. strips. 

Without neutralization, the non-unilateral aspects of the transistor make 
alignment of multistage-tuned amplifiers somewhat difficult, any change in 
the load of one stage affecting the operation of all other cascaded units, 

Although one hears “neutralization” and “unilateralization” used inter- 
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changeably, actually unilateralization is a special case of neutralization in 
which the resistive as well as the reactive feedback parameters are balanced 
out, and therefore unilateralization changes a bilateral network into a uni- 
lateral network. 

Shea ™ has concluded that potential instability occurs only up to a fraction 
of the alpha cutoff frequency (f.o) in common-emitter circuits; at higher 
frequencies this configuration is unconditionally stable (the transistor cannot 
oscillate, no matter what passive terminations are used). For common-base 
and common-collector configurations, instability may occur throughout the 
entire range of frequencies. 

9-9. Tuned-Amplifier Design. By making use of the principles discussed 
in the preceding sections of this chapter it is possible to design a tuned tran- 
sistor amplifier ; a sample design will be forthcoming. The hybrid-z equivalent 
of Fig. 9-11 will be used as the basis for design procedures even though this 
circuit is fairly complicated, and the addition of a tuned load and neutralizing 
elements result in even greater complexity. Some simplification of the overall 
equivalent circuit may be achieved by converting the hybrid-x to a normal-r 
of the type shown in the “boxed” portion of Fig. 9-25. (See Problem 9-16.) 


R,, Ci Transistor 





Fig. 9-25. Normal-m circuit with neutralizing components included. 


After making this conversion the unilateralizing components R, and C 
linking input and output and the transformer 7; providing the phase reversal 
el haa external feedback are added to the transistor equivalent in Fig. 
If the transformer turns ratio is 1:1, let us make C, = C, and R, = Ry. 
lhe current in the external feedback path will be opposite in phase to the 
current through R, and C,, from base-to-collector, and it can be shown that 
net feedback from collector-to-base is cancelled. The resulting unilateralized 
stage is depicted in Fig. 9-26 and it is obvious that because of the isolation 
provided by the external elements, this circuit will be easy to work with. 
Should the turns ratio of the coupling transformer be other than 1:1, let us 
say nil, then, for isolation of input from load, and output from source; the 
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Fig. 9-26. Unilateralized common-emitter circuit with transformer coupling to load. 


feedback elements must be 


Cy = nC, (9-79) 
and 
Re Ry (9-80) 
"on 


The actual values of C, and R, in terms of the original hybrid-7 parameters 
are 





& OO eel (9-81) 
“LA (rep/rore) — (reve/Pore) (Core/Core) 
'- a) 1+ (ror/Pore) (9-82) 
Hey = Fob! (1 * Co: ror? Cre 


Problem 9-17 may be used to derive these equations. : 
Solution for the other parameters of the circuit of Fig. 9-26 yields 


Tore + Too (9-83) 
R; = Top -f- lbre | — +4 oe sf w*(Cpre + Core) 2rprer bb’ 
Core + Core 
~ [LE (route)? +o (Core + Core)?ron? 
Jorc(Goor + Joe) + ee 
(goo + gore)? + wore” 

YIm(Gowr + Gore) (9-86) 

(goo + gore)? + w*Coe” 





(9-84) 





C; 


(9-85) 





1 
T= eet e+ On| 
Co = welt a 


G, = Ze =: (9-87) 
"VILA Coo-/rore)P? + [rova(Core + Core)] 
Conductances have been used in Eqs. (9-85) and (9-86) to somewhat simplify 
those formulas. Eqs. (9-83) through (9-86) pertain to the unilateralized 
transistor exclusively; to determine input and output resistances and capadi- 
tances for the entire stage, 2, and C,, should be considered as paralleling those 
terminal pairs. (See Problems 9-19 and 9-20.) 
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The load to be fed is often the input impedance of the following stage and 
it is desired, for maximum power transfer, to reflect the resistive component 
of this load to the first transistor collector at a level equal to R,. The inter- 
stage transformer performs this function. Input capacitance of the following 
(load) stage parallels the tuned circuit, and if of significant value must be 
considered a portion of the overall tuning capacitance. This composite tuning 
capacitance (Cr) required to resonate with transformer inductance at the 
carrier frequency is made up of the parallel elements C,, reflected load C;, 
stray capacitance, and purposely added capacitance. 


I.F. Amplifier Stage Design Example 
Object. To design a single I.F. amplifying stage according to the following 
specifications: 


1. Carrier frequency: 455 ke 

2. Bandwidth: 10 ke 

3. Load: Z; of identical unilateralized transistor 
4. Power supply available: —9 volts 


Solution. A suitable transistor for this service is the RCA 2N189, a ger- 
manium p-n-p alloy-junction type. Small-signal hybrid- parameters are here 


given for an operating point of Veg = —9 volts and Ic = 1 ma 
Toy = 75 ohms Core = 1560 put 
Jo'e = 800 umhos Core = 9.5 ppt 


Jce = 8.6 umhos 9m = 38,600 umhos 
Jo'c = 0.25 umho 


Preliminary calculations: 





Toe = 


= 1250 ohms Joo = 1.83 & 107? mho 
Jo'e 


1 : 
Tec = — = 0.116 X 10° ohms w, = Inf, = 2.86 X 19° rad/sec 
Ice 





= 4 X 10° ohms 


Tore = wr” = 8.18 X 10! rad?/sec? 
Jo'c 

It is necessary to determine the values of the elements of the circuit of 
Vig. 9-27. The biasing resistances Ry, and Rg are chosen so that Ig = 1 ma, 
and the reactance of Cs at 455 ke made much smaller than the resistance of Rs 
(if Rg = 5K, Cs can be chosen to be 0.05 to 0.1 uf). For bias stability, R, will 
be included, 1000 ohms is typical, bypassed by C; of 0.1 uf. The decoupling 
circuit shall be composed of Re 500 ohms and Co = 0.05 uf. 
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Fig. 9-27. Circuit for I.F. amplifier design example. 


Because of the d-c potential drops across Rc, R; and the winding resistance 
of the transformer, Vez will not be 9 volts, but will have some lesser value. 
In the absence of parameter correction information for this transistor and 
because the deviation from 9 volts is not too great, the 9-volt parameters will 
be used. 

We may calculate feedback elements C, and R, by using Kqs. (9-81) and 
(9-82). From Eq. (9-81) 


Pee 9.5 X 1074 
¥ "1+ (75/1250) — (75/4 X 10°) (1560/9.5) 
= 9.0 pyf. 
From Eq. (9-82) 
1560 1 + (75/1250 
y= 76(14+ 55) + gana wes KI 
= 12,760 ohms. 


Insertion of appropriate external feedback elements will cancel the effects of 
C,, and R, and result in a unilateralized stage of the form of Fig. 9-28. 





Fig. 9-28. Unilateralized equivalent circuit. 


The five parameters of the circuit of Fig. 9-28 can be calculated. From 
Kq. (9-83) 








COMMUNICATIONS AMPLIFIERS 261 
1250(1250 + 75) 
1250 + 75 + (8.18 X 10!”)(1569.5 x 10~1”)?(1250)?(75) 
= 528 ohms. 
From Eq. (9-84) 





R;= 75+ 


_ 1569.5 X 10-” 

[1 + (75/1250)? + (8.18 x 10!) (1569.5 X 10—22)2(75)? 
= 1270 uuf. 
From Eq. (9-85) 





‘ 


1 
— = 30.8 aa 
R, x 10 
Therefore 
R, = 32,400 ohms. 
From Eq. (9-86) 
Co = 33.1 upt 


From Eq. (9-87) 
Gm = 34.8 ma/volt. 


Now to specify the transformer to be used, match R, to the load resistance 
which is R; of an identical stage. 


Impedance ratio = 32,400:530. 


Therefore the turns ratio is 


32,400 
n= ./—— = 78:1 
530 


The feedback elements were given by R, = R,/n and Cy, = nCy. 


12,760 
R, = = 1640 ohms 
7.8 





and 
Cr = (7.8)(9.0) = 70 pf. 


The paralleling effects of these elements upon terminal properties will not be 
considered here. Problem 9-24 may be used to determine these effects. 

A few other calculations are needed to satisfactorily specify circuit oper- 
ation and circuit elements. The expected power gain must be predicted, so 
from Fig, 9-29, viel 
V? 





P; = 


Ry, = n?R; = Ry, and, if load current is symbolized by J,, then load power is 
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Fig. 9-29. Coupling and load added to the circuit of Fig. 9-28. 





given by 
Po = 1,°Rz = I, Ro 
or) 
= Ro. 
2 
Then 
P, Gm?Rolt: 
G=—= ’ 
, 4 


(34.8 X 10~%)2(32,400) (528) 
7 4 
= 5,200, or 37.2 db. 





This figure assumes a perfect coil. Because an actual coil has losses, less gain 
will be available. To find the overall Q required, use Eq. (9-65). 








fr 455,000 
° = Gi ~ 10,000" 
= 45.5. 
If a coil with Qc = 100 is available, then, from Eq. (9-57b), 
Cc 100 
Insertion loss = 20 log 00-0 = 20 eT a 


= 5.3 db. 


The overall power gain to be expected is, therefore, 37.2 — 5.3, or 31.9 db. 
From Eq. (9-75), a calculation of the coil inductance can be made. 


Ro(Qc — Q) _ _ 32,400(100 — 45.5) 
p= 9,000 22.86 X 10°)(45.5) (100) 
= 68 yuh. 


Using the standard equation for parallel resonance permits the determin 
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tion of parallel capacitance. 


1 1 
~ w2L (8.18 X 101)(68 X 10-°) 
= 1800 yuf. 


Of this total required capacitance, C, makes up 33 uuf and reflected C; of stage 
two accounts for 1270/(7.8)? or 21 yuf. The contribution of a separate tuning 
capacitor must be 1746 uuf. 

If a tapped coil is to be used, and if 200 yuf of additional tuning capacitance 
(Cr) is decided upon, then from Fig. 9-29 


M 1746 
NW 200 
The C, and reflected C; capacitances amount to 54 yuf and are across N turns 


of the transformer primary. Their contribution to total tuning capacitance is 
54/(2.96)” = 6.2 yuf. The total primary inductance now is given by 


1 1 
L > ——- > — a O,--AAa 
7 oP (8.18 X 1012) (206 X 10-12) 
= 502 ph. 


Summary. To meet the listed specifications: 


Coil requirements: 


Qc = 100 
L = 592 wh 
M/N = 2.96 


32,400:530 ohms 
Circuit elements: (Refer to Fig. 9-27) 


Cr = 200 pf Rz = Approx. 25,000 ohms R, = 1000 ohms 
R, = 1640 ohms R3 = 5,000 ohms Cy = 0.1 uf 
Cn = 70 wf Cz = 0.05 uf Ro = 500 ohms 
Co = 0.05 uf 
Performance: 


Power gain » 1550, or 31,9 db, 
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PROBLEMS 


9-1. Calculate the thermal noise voltage generated by a 500,000-ohm 
resistor at 100° C. The useable bandwidth is 2 megacycles. 

9-2. For the volume control arrangement of Fig. 9-3c, calculate the voltage 
gain of the interstage network for various control settings and sketch gain 
vs. K. 

9-3. A particular transistor has the following low-frequency parameters: 
hie = 2500 ohms, Are = 2 X 1078, hye = 50, Roe = 5 X 10° mho, roy = 60 
ohms. 

(a) Draw a hybrid-z network and calculate the values of the param- 
eters. 

(b) Draw a current-generator equivalent tee and calculate the values of 
the parameters. 

8-4. Consider a transistor with the parameters given in Problem 9-3, and, 
in addition, C. = 10 uf, fas = 10 me, Ry = 2000 ohms and R, = 100 ohms. 

(a) Calculate the input capacitance including the Miller effect. 

(b) At what frequency will E,/E, be 1/+/2 of its mid-frequency value. 

9-5. Measurements of the input impedance of a particular common-emitter 
stage indicate that the 1000-cycle value is 800 ohms and at 90,000 cycles the 
magnitude had diminished to 566 ohms. From this data determine the 
effective input resistance and input capacitance. 

9-6. If it is known that the transistor of Problem 9-5 is feeding a 1000-ohm 
load from a 1000-ohm source, and that Cy, = 20 uyf and gn = 30 ma/volt, 
calculate: 

(a) The emitter diffusion capacitance. 

(b) The alpha cutoff frequency. 

(c) The upper voltage gain cutoff frequency. 

8-7. Derive expressions for the common-emitter h-parameters in terms of 
low-frequency hybrid-7 parameters. 

9-8. Derive expressions for the 7T-parameters in terms of low-frequency 
hybrid-z parameters. Use the relationships of Tables 4-5 and 4-7. 

9-9. Confirm Eq. (9-35). 

9-10. At 800 ke a 200-uh inductor exhibits an equivalent-series R.F. re- 
sistance of 8 ohms. Determine: 

(a) The series Qc. 

(b) The equivalent shunt inductance at that frequency. 

(c) The equivalent shunt resistance at that frequency. 

(d) The parallel Qc. 

9-11. Find the insertion loss when using a coil with Qo = 52 in a circuit 
with half-power points at 600 ke and 612 ke and with the resonant frequency 
at the center of the band. 
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9-12. The resonant freque ircui i 
Sue. quency of the circuit of the figure is 3.1 mc. Cal- 

(a) The overall circuit Q. 

(b) The bandwidth. 

(c) The coil (transformer) insertion loss. 

(d) The load seen by J at the resonant frequency. 


Qc-20 
L =100uh 


I Aa 10° 


20uuf Turns Ratio 
=4:1 
Problem 9-12, 


9-13. Derive an expression for the resonant frequency of a circuit with C 
paralleling a series R-L branch. 
9-14. Devise tests to determine the characteristics of an I.F. transformer 
1.€., Qc, wr, L, C, and turns ratio, if the assembly is that of Fig. 9-21a. C ma 
be considered removable if necessary. ) ‘ 
; 9-15. To achieve a wide band “stagger” tuning is useful. Each LF. stage 
is tuned to a different center frequency, and the overall response of the cascade 
amplifier is much flatter than the response of a like number of stages single 
tuned to the center of the passband. If each stage of a two-stage amplifier 
has a Q of 10, and the center of the band is at 24 me, graphically determine 
the bandwidth of the overall I.F. strip. Stage no. 1 is tuned to 23 me and 
no. 2 is tuned to 25 me. 

9-16. To convert from the hybrid-z circuit to the normal-r circuit a simple 
method involves equating the network y-parameters (see Chapter 4) obtained 





Problem 9-16, 


from each of the circuits, Derive expressions for the normal-m parameters in 
terms of the hybrid- parameters, | 
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9-17. Y3 in the circuit of Problem 9-16 may be expressed in tems of 
hybrid-7 admittance parameters thus: 
Yo" cY oo! : 
° Yore + You + Yodre 


Show that separation of the real and imaginary parts of the impedance repre- 
sented by this expression provides confirmation of Eqs. (9-81) and Q-82). 


Make the assumptions that ry. is very large and Cy». > Cpie: 


Y 





Problem 9-18. 


9-18. Confirm the following formulas which have been derived for the 
hybrid-7 circuit of the above figure. 
ZZoll — GmZs] 
~ Zlbi + Uy + ZilZi + Zj + Zo + ImZilel 
Z LoL oll — GmZ) 
Ae TT, 4 Gallrsy (li + 2) + Gly + Gol row + Zi + Int Z] 


A; 


Zolrow (Zit Zr) + Z:Z1| + Zit ow (Z;+ Zy +Zot+ YmZoLZi) + Zi(Zpt+ Zo)I 





a Z(Zi + Zs) + Zi(Zi + Zp + Zo + GmZoZi) 





ZA(Zi + Zs)(Ze + row) + ZZ 
He = [Ze “+ row \[Zi + Ly + Zo + ImZiZol + ZiAZy + Zol 





Problem 9-19. 
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8-19. Consider the normal-z circuit of the preceding figure. The trans- 
former has unity turns ratio but provides phase reversal so V3 = —Vo. 
(a) Write the nodal equation at V; and show that input impedance 


I; 
(b) Write the nodal equations at V3 and V; and show that output imped- 
ance is independent of source impedance. 
9-20. It has been established in Problem 9-16 that, for the normal-7 circuit, 


|Z = al is independent of the load termination provided that Y3 = Vn. 


Yob'eYoo" 
Poe ees 

Yoo + Yore + Yore 
Problem 9-17 gives Y3 and the solution to Problem 9-19 provides an expres- 
sion for Z;. Using this information confirm Eq. (9-83). Note the statement 
in the text explaining that Eq. (9-83) does not include the paralleling effects 
of R, and Cy. Consider the conductance of the b’e branch to be very small 
compared to b’e and bb’. 

9-21. A unilateralized transistor stage at the carrier frequency of 600 ke 
exhibits the following terminal properties: Z; = 900 — j550; Z, = 20,000 — 
j14,000. If the transistor is feeding a load that is an identical stage, a coil 
Qc = 60 may be assumed, and the required bandwidth is 20 ke, answer the 
following: 

(a) What is the required coil inductance? 

(b) With a transformer of the Fig. 9-2la type, what impedance ratio 
should be used? 

(c) What is the total required shunt capacitance and how much must be 
made up by additional capacitance? 

(d) What is the gain of the stage including coil losses? Assume that Gm = 


25 ma/volt. 
XS 


Load 


Ecc 


Problem 9-22. 


9-22. Design an IF. stage to meet the following requirements: 


1. Carrier frequency: 455 ke 

2. Bandwidth: 20 ke 

8. Load: 10,000 ohms paralleled by 35 puf 
4, Transistor type: 2N139 

5, Operating point; 1 ma and —9 volts 
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6. Coupling: inductors available with Qc = 70. Transformers not to be 
used. 

7. Unilateralization provided by feedback from inductor tap as shown 
in diagram. 


The problem essentially requires determination of coil inductance, additional 
tuning capacity, and expected gain. 

9-23. Discuss the factors involved in choosing an intermediate frequency 
for a communications receiver. Theory and Design of Television Receivers, by 
S. Deutsch, McGraw-Hill, 1951, will be of assistance. 

9-24. Alter the text design example by including the paralleling effects of 
R,, and C, upon Z; and Z, (see Problem 9-20). It is suggested that R, and 
C,, first be transformed to equivalent parallel elements to simplify the combina- 
tion. Compare values obtained with the listed coil requirements, circuit 
element values, and performance. 
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The discussion up to this point has been centered about signal amplification 
—the raising of a signal level—with the transistor as the active circuit element. 
The transistor, however, may be used for purposes other than amplification, 
and in this chapter, and in the subsequent chapter, such applications will be 
examined. Because many of the principles thus far considered with reference 
to amplification apply equally well to the processes of oscillation, modulation, 
and detection, analysis and synthesis of these new circuits will not appear 
completely foreign to the transistor-amplifier designer. 

10-1. Oscillation. Osciliators are of extreme importance in the communica- 
tions field for they are the source of the high-frequency voltages that are 


generated both in the transmitter and in the receiver portions of a complete | 


system. Actually an oscillator is a power converter in the sense that its only 
input is the direct-supply potential (and hence supply power) and its output 
is a time-varying waveform that is usually, but not necessarily, of a frequency 


well above that which can be generated with rotating equipment. It is there-_ 


fore customary that no signal input terminal is apparent in the circuit diagram 
for an oscillator; the output is usually, but not always, taken between tran- 
i lector and ground. — 

i ‘he pean: bart is basically sinusoidal and the active circuit ele- 
ment is continuously supplying power to the passive circuit elements, the 
composite is termed a harmonic oscillator. Included in this category are 
negative-resistance and feedback oscillators. Another broad category among 


generators includes the relaxation types, characterized by nonsinusoidal wave- 


forms (sawtooth, square, etc.) and the switched interchange of energy between 


active and passive circuit elements. Concern in this section is directed toward 


the harmonic oscillators, with limited discussion of relaxation oscillators re- 
served for Chapter 11. 

An oscillator may, in some instances, be required to furnish very little power, 
or, by itself, cannot furnish the power required by the circuit load. However, 
once the desired time-varying signal is obtained, no matter how weakly, it is 
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then possible to build it up with separate amplifying stages. Because a non- 
sinusoidal wave or a distorted sinusoidal wave is available from certain oscilla- 
tor circuits, filtering circuitry can be useful in extracting the fundamental 
and can help in the attainment of a pure sinusoid if one is required. 

A generally quoted “rule of thumb” describes the limiting frequency of 
oscillation for any transistor as its alpha-cutoff frequency. The treatment 
here will be concerned with oscillation at frequencies considerably below that 
limit and will be centered about operation in the audio-frequency band, but 
the discussion will be useful in analyzing any oscillator when transistor ter- 
minal reactances do not play an important part in circuit operation. 

From the discussion of feedback in amplifiers presented in Chapter 8 it 
will be recalled that a unique condition existed when the denominator of the 
overall amplification formula equaled zero. Repeated here, 


A V, ) 
Ss ee ear aa (10-1) 
1—BA YV, 


Thus when BA > +1, Ay > «©. This represents oscillation, the situation 
existing when an input signal is unnecessary for the maintenance of an out- 
put signal. It is now desired that this generated signal be sinusoidal, and of 
constant amplitude, and furthermore that its frequency be predictable, and 
in some cases adjustable. 

The loop gain (BA) must actually be greater than unity in all practical 
feedback oscillators, for if it were precisely unity then aging of circuit. com- 
ponents would in all likelihood eventually result in discontinuance of the de- 
sired waveform generation, because of gain reduction. When BA is made 
slightly greater than unity, more signal is being fed back than originally was 
present, and a buildup in signal level results; this buildup will always be 
limited by nonlinearities within the transistor (the collector-supply voltage 
also presents a limit). Such nonlinearities always result in distortion of the 
output waveform, but in good oscillator designs this distortion may be very 
slight. 

Because transistor gain and input and output impedances are so sensitive 
to ambient temperature it is mandatory for stable oscillation that the fre- 
quency be solely dependent upon high quality, stable, external tuning ele- 
ments and not upon the transistor reactances. Elements that determine the 
frequency of oscillation include R-C networks for phase shifting, resonant L-C 
pairs, and piezoelectric crystals. In addition, stable biasing is used to keep 
circuit operation predictable. 

A frequency-determining device or circuit is required in all oscillator cir- 
cuits; inductance-capacitance circuitry ean perform this function, It can be 
recalled from the transient analysis portion of electrical network theory that: 
oscillations are developed in the response of even a simple ?-L-C cireuit when 
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subjected to a step or suddenly applied d-c shock. See Fig. 10-1. ; The d-c 
transient, however, always decays because of the inescapable damping effect 





(b) 


Fig. 10-1. Transient in a simple d-c circuit, and the frequency-determining properties 
of an L-C circuit. 


of ever-present resistance. , 
The current in the simple R-L-C circuit shown can be expressed by 


—t/T 
pe Oe (10-2) 
L 





w 


for the case when (VL/C ) > R/2. The exponential term causing the decay 
is dictated by 7 = 2L/R. Angular frequency of the sine term is given by 


cGy) 
°C" NIC \QL 
It is clear that R causes the reduction in amplitude and slightly determines 
the frequency of oscillation. In the absence of R, never-ending oscillation 
would exist, because of the interchange of stored energy between induct- 
acitance. 

on The ass element in an oscillator circuit, a transistor in this instance, may 
be thought of as supplying, to the circuit of Fig. 10-1, or to its parallel counter= 
part, a negative resistance of sufficient value to overcome the positive Te- 
sistance R in the figure, and consequently the complete oscillator, including 
both resonant circuit and negative resistance, when shocked, will oscillate con- 
tinuously. Oftentimes the only shock needed is the application of power to 
oaihes are studied from a negative-resistance standpoint and from & 
feedback point-of-view, but mathematically there is no rigid division between 
the two and any particular oscillator may be considered from either approach, 
In the so-called negative-resistance type of waveform generator, internal po 
tive feedback is present and serves to provide a negative resistance to 
external resonant circuit. The so-called feedback-oscillator type emplo 
positive external feedback in order to overcome natural damping. 
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Two-Terminal Negative-Resistance Oscillators. One cannot purchase a neg- 
ative resistance from a components supplier, nor will one see such a device 
listed in any catalog, so a negative resistance characteristic must be obtained 
from a common active device when operated in a specific manner, or when 
used in conjunction with other common circuit elements. 

Some transistor types, the point-contact and p-n-p-n hook varieties, for 
example, possess alphas greater than unity, and it is rather easy to show that 
negative terminal resistance properties may be forthcoming with these de- 
vices. Consider the approximate equation listed in Table 4-1 for the input 
resistance of a transistor connected common-emitter. Repeated here, 





Te 


iSrot+ (10-3) 


— 
For a device exhibiting a > 1, input resistance will be negative when 


Te 





> Tb, 


a—1 


a condition that suggests that in some cases additional series emitter resistance 
may be required to attain negative 
input resistance. See Fig. 10-2 and 
note the change in polarity of the 
collector branch current generator 
when alpha exceeds unity. 

The foregoing oscillator discussion, 
for devices with alpha greater than 
unity that exhibit negative input 
terminal resistance, can be alternately 
thought of as a p ositive feedback Pp he- Fig. 10-2. Simple common-emitter T- 
nomenon, for output circuit current in equivalent with series emitter resistance 
re and R, of the emitter branch de- added. 
cidedly affects the input circuit. 

The approximate expression for output resistance, from Table 4-1, is 


Bi, =*i,=- —% i 
fy Tale=— ai Ys 





Rere(1 — a) + Lele 
le + To + R, 
Although a negative sign is already in the equation, it is easy to show that R, 


cannot be negative, for positive parameters and a < 1. If, however, a is 
greater than unity then output terminal resistance becomes negative when 





R= 


. (10-4) 


Ra — 1) > 1. 


This relation suggests that source resistance is important in this consideration, 
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A typical point-contact transistor oscillator circuit is shown in Fig. 10-3. 
Ri, Re, Rs, and Ry are used for the maintenance of a satisfactory operating 
point, and C; and C3 serve as bypass 
or a-c grounding capacitors. C and L 
are the prime tuning elements. 

Feedback Oscillators. There is a 
multiplicity of possible circuit ar- 
rangements useful as feedback oscil- 
lators. If one starts with a transistor 
in the common-emitter orientation, 
180° of phase shift is inherent be- 
tween input and output quantities. 

= To feed some of the output signal 

back to the input in order to pro- 

Fig. 10-3. Negative-resistance oscillator vide positive feedback, an additional 
circuit. shift of 180° is required. A trans- 


O Eco 





former can, of course, be used to sup- — 


ply this necessary phase reversal and in the circuit of Fig. 10-4 one is shown 
doing just that. The transformer secondary winding is connected into the 
transistor base circuit, and the capacitor C is being used to complete the fre- 


quency-determining circuit in conjunction with the transformer winding in- 


ductance. The element R, is offering some control over gain and can be 
used to keep the waveshape fairly clear of distortion. The circuit shown 





Fig. 10-4. Common-emitter oriented Fig. 10-5. Phase-shift oscillator. Base | 


feedback oscillator with transformer pro- biasing not shown. 


viding phase reversal. 


contains all the elements necessary for oscillation. Frequency is controlled by 
C and to a minor extent by R.. 


An R-C network can be designed to provide the additional phase shift 


needed for regeneration. In the circuit of Fig. 10-5, the transistor collector 
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and base are connected through a three-stage phase shift network ; each R-C 
pair is therefore required to supply about 60° of phase shift. 

Now let us consider an approach to the mathematical analysis of oscillator 
circuits. Nonlinearities of characteristics impose limits upon waveform mag- 
nitude and shape, and because circuit analysis involving nonlinear elements 
is often to be avoided, on account of the relative complexity, our approach 
will be to treat the circuit as comprised of linear elements and to predict the 
frequency of oscillation and the circuit conditions necessary to support oscilla- 
tion. 

Consider an oscillator circuit, with, of course, no driving potential, because 
no input is specified. If it is assumed that the circuit is oscillating, and fur- 
ther assumed that those oscillations can be represented by sinusoidal circuit 
quantities, then a normal set of loop (mesh) or nodal equations may be writ- 
ten for steady-state analysis. Such equations were written for the derivation 
of gain and impedance formulas in Chapter 4, and when solved for circuit 
currents gave rise to expressions of the form 


D 


FH; represents the driving potential, and D the circuit determinant. Because 
H; = 0 in oscillator circuits, Eq. (10-5) may be written as 
0 
I= —. 
D 
But J does exist and is not zero as this expression seems to indicate; therefore, 
the denominator must also be zero. Then 


0 
7 ea 
0 
and is indeterminate. It is therefore necessary for the circuit determinant D 
to equal zero for oscillations to exist. It will be recalled that D, when using 
the loop method of analysis, is composed of functions of both the transistor 
parameters and the impedances of external elements. This determinant will 
have a real and an imaginary part, and to equal zero, each part must equal 
zero. The real part equated to zero yields, upon solution, the necessary con- 
ditions for oscillation: a relation between the current-gain parameter hy and 
circuit inductances and capacitances, Upon equating the imaginary portion 
of the determinant to zero, one can solve for the frequency of oscillation, 
always a function of the circuit parameters, and dependent upon the transistor 
but essentially determined by the external tuned circuit. In fact, a good ap- 
proximation to the circuit oscillation frequency is the resonant condition for 
the L-C combination, 


I (10-5) 
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re aa, (10-6) 
Qnr~/LC 


which applies to either series resonant or parallel resonant (antiresonant) loss- 
less circuits. 
Now returning in our oscillator discussion to the phase-shift type of Fig. 
10-5, let us apply the foregoing treatment to this circuit. A complete a-c 
equivalent using h-parameters is shown in Fig. 10-6a with R, being used to 


Transistor 
fas ees Cc Cc C I Ry 


= 
| 





a ee 


Fig. 10-6. A-c equivalent of the circuit of Fig. 10-5; (a) current-generator form; (b 
simplified voltage-generator form. 


bring the total resistance of the input branch up to R in value (Re + hie = R) 
Loop equations will be written after some simplifications are made. If 

consider h,-H, as small and 1/hoe as very large, those two parameters may 
omitted. A source transformation allows us to redraw Fig. 10—6a in the fo 


of Fig. 10-6b. The equations are 
0 =1,(Rrp + R — jXc) — 12R + IshyeR1, 
0 = —1,R+ 1,(22R — jXc) — Isk, (10-7 
0= 0 - Ink + I3(2R — jXc). 


ll 


The numerator of every current expression is zero, and all denominato 
are equal and will be set to zero. The imaginary part of the determinan 


provides 
4 onto i d 
C?(4RR, + 6R?) 


Using this value for w* in the real part of the denominator yields 
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29R 4Rr 


hype = 23 — —— is 10-9 
f + R, a > (10-9) 


Eq. (10-8) gives us the frequency of oscillation and Eq. (10-9) provides 
the necessary condition for sustained oscillations. Should C = 0.1 uf, Ry = 
10 K and R = 2K, then the equations predict oscillations at about 160 cps 
and require hy, to be 49 or larger. 

If a common-base amplifying stage (see Fig. 10-7a) is supplying a load that 


(a) (b) (c) 


Fig. 10-7. Colpitts-type oscillator: (a) common-base; (b) common-emitter; (c) 
common-collector. 


is a tuned circuit and a feedback connection is made from the junction of the 
split load capacitors to the transistor input (emitter) terminal, and if sufficient 
positive feedback is available, the cir- h, x 
cuit is a Colpitts type oscillator. The v, N 
a-c portion of this classical circuit is 
shown in Fig. 10-7 in the several pos- 
sible ways in which it can be arranged, 
for the circuit may be drawn in such 
a way as to look like a common-base 
stage, or it can be common-emitter or 
common-collector oriented. 

To perform a linear analysis of the L 
Colpitts oscillator the a-c equivalent 
circuit of Fig. 10-8 has been drawn, 
with common-emitter h-parameters 
used. For the lower audio frequencies they are real and will be so consid- 
ered here. Note that 





Fig. 10-8. Circuit for analysis of the 
Colpitts-type oscillator. 


The three loop equations are 
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hyeh e é Nre * 
O=] (ii = ia Xe) + I (*) — I3(—jXc1), 


hye 1 é . (10-10) 
0O=- (*) + Ig (— = iXex) + I3(—jXce), 
0 = —I,(—jXe1) + Io(—jXc2) + I3(GX1t — jXc1 — jXce2). 
Equating the imaginary portion of the circuit determinant to zero allows 
calculation of the frequency of oscillation. The complete expression is 
Noe 1 1 


= the ces (10-11a) 
CiCohe EC; LCs 





For practical values of the parameters, oscillator angular frequency is 


_ C1 + Ce + Co 
CC. 


2 (10-11b) 


This expression represents the resonant frequency of a tank circuit with L 


paralleling a series branch of C, and C2. 
Under the assumptions that w? = (Cy + C2)/LC\C2 and hy. «1, the real 
portion of the determinant, equated to zero, yields 


hy e Cy 
Ale Ce 


with 
Ave = hichoe aa hrehye. 


Because hye may have a value of perhaps 50 and A” of perhaps 0.5, it follows 


that in workable Colpitts type oscillators a big difference will be observed be- — 


tween the values of C; and C9. 
The a-c portion of the classical Hartley oscillator, when transistorized, 
would appear as in Fig. 10-9. The Hartley and Colpitts oscillators are very 
similar circuits, with just inductance 

and capacitance interchanged. There- 

f\- fore the circuit determinant for the 

f ) Hartley is identical to the determi- 

nant previously described, Eq. (10-10), 

© except that for the Hartley circuit 

jXnm and jXz2 must replace —jXc 

and —jXco, and —jXc must replace 

jXz. An analysis similar to that 

Fig. 10-9. A-c portion of the Hartley- made for the Colpitts circuit results in, 
type oscillator, common-emitter oriented, for the oscillating frequency of the 


= (10-12) 





COMMUNICATIONS CIRCUITS AND SYSTEMS 279 





Hartley, 
1 
fk te (10-13) 
CL, + Le) — LyLehoe/hie 


The condition for oscillation is 
hye = — + Ae —. (10-14) 


If the L/L; term is considered as a variable z, then hye = 1/z¢ + Az, and 
solution for z yields, with hy.” > 4A*¢, 


hye _ La 
iy os (10-15) 
Ae Ly 

as the desired relationship. 

Mutual inductance may be present between the two inductive elements, 
resulting in expressions for w and hy. that also include M (see Problem 10-7). 
Some have found that the drawing of a more-or-less universal equivalent cir- 
cuit similar to the figure of Problem 10-8 but using generalized Z elements 
and including mutual impedance (between Z, and Z. in that figure) can pro- 
vide a basis for the derivation of formulas for the Colpitts, Hartley, and Clapp 
circuits, and for any variations of the basic circuit. 

Stability Considerations. Drifting of the frequency of oscillation is an im- 
portant engineering problem, for certain types of oscillator applications re- 
quire a very great degree of frequency stability. It has already been noted 
that in good design the oscillation frequency should be solely dependent upon 
high-quality external tuning elements and not upon the transistor reactances, 
for the latter are subject to aging and climatic conditions as well as power- 
supply variations. The R, L, and C external parameters also will show a 
tendency to vary with temperature excursions and on occasion, if compensa- 
tory circuits and highest quality components do not suffice, the elements of 
importance may be located in a constant temperature bath. 

Clapp’s modification of the Colpitts oscillator type can result in greater 
frequency stability, and is accomplished by insertion of an additional capaci- 
tor in series with the tuning inductance of the Colpitts circuit.! The Wien 
bridge oscillator enjoys excellent frequency stability; further discussion is re- 
served for the literature.® 

A piezoelectric crystal can be used as the prime tuning element and will 
provide exceptionally stable oscillation. A vibrating electromechanical sys- 
tem is formed within such a crystal (quartz, for instance) when a potential is 
applied to its opposite faces and the device is properly excited. The frequency 
of the resulting oscillations depends upon crystal dimensions, mounting and 
cut, and units are available that resonate at from several kilocycles to fre- 
quencies in the lower megacycle range, 
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A circuit diagram symbol and the electrical equivalent circuit for a crystal 
are shown in Fig. 10-10. R, L, and C are electrical equivalents of the 
mechanical parameters, while C, 
represents electrical capacitance of 


R the crystal between electrodes. The 
e crystal represents a very high Q cir- 
L * cuit, with values of Q in the thou- 


sands; if we therefore omit R from 

the determination of resonant. fre- 

quency, no significant error is in- 
(b) troduced. Also because C;, may be 
100 or more times larger than C, 
it can be shown that the resonant 
frequency of the crystal may be ap- 
proximated by 


—L- 


(a) 
Fig. 10-10. Piezoelectric crystal: (a) cir- 
cuit diagram symbol; (b) equivalent 

electrical circuit. 


1 
. QaV LC 


A crystal may be substituted for an L-C resonant circuit in order to improve 
the stability of oscillation frequency. 

Bias Considerations. Oscillators as discussed in this section may be biased 
Class-A by the methods previously considered for amplifiers. For higher effi- 
ciency Class-B or Class-C operation may be chosen. Starting generally re- 
quires that the circuit be initially self-biased somewhere in the active region 
unless some auxiliary starting means is included. 

Bypassed emitter resistance permits Class-C transistor operation in a man- 
ner somewhat similar to the grid leak method used with vacuum-tube oscilla- 
tors. An average voltage builds up across the emitter R-C combination that 
provides reverse bias for the emitter diode (see Fig. 3-12). With an initial 
operating point near cutoff, rising oscillations will first result in clipping at 
the low-current end of the load line, and eventually the buildup will be limited 


by nonlinearities at the high-current end. The operating point will eventually 


lie in the cutoff region. 

Radto-Frequency Oscillators. Because of the requirement for multichannel 
reception, adjustable frequency waveform generation at frequencies well 
above the audio is necessary in the superheterodyne type of communications 
receiver. Transistor reactances, temperature excursions, and power-supply 
variations must be contended with, but the basic principles of oscillation pre 
viously discussed naturally pertain. Of course, as in any design, economi¢ 
considerations are also of great importance. 

A practical local oscillator for broadcast-band radio receiver circuits is 
shown in Fig. 10-11. The cireuit employs L-C resonance, and might be 
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called a phase-shift type of harmonic oscillator, for the transformer provides 
the required shift and C, and C; resonate with transformer inductance. Ca- 
pacitor C, is a-c grounding the emitter terminal of the transistor, and emitter 
bias is being used. Quiescent base current is returned to ground through part 





Fig. 10-11. Transistor local oscillator. 


of the transformer’s base circuit winding. Typical values for the blocking 
capacitors C; and C2 are 0.01 to 0.05 uf. 

10-2. Modulation. If the output of an oscillator is connected to an an- 
tenna, some of the output is radiated into space and a fraction of the radiated 
signal may be intercepted by a receiving antenna. This, then, is a communi- 
cations system, but to convey intelligence some characteristic of the radiated 
signal must be varied with time. If the phase or frequency of carrier oscilla- 
tion changes as a result of coded intelligence, the method is called frequency 
modulation (FM). Changing carrier amplitude in accordance with intelli- 
gence yields amplitude modulation (AM), and pulse modulation (PM) results 
from on-off control of the carrier. 

Modulation, therefore, is the process of producing a composite waveform 
some characteristic of which varies in accordance with the instantaneous value 
of another wave, called the modulating wave (the signal). 

Amplitude Modulation. The process of amplitude modulation may be illus- 
trated by first considering the mathematical relations. The carrier wave may 
be described by the standard sinusoidal waveform equation 


Cc = Eom COS wel, (10-16) 


and will generally be of high frequency. The modulating signal, if a simple 
sinusoidal function of time, may be described by 


€m = Emm CO8 Wnt (10-17) 
a low-frequency signal. 
If the magnitude of the carrier is changed in proportion (Kq) to ém so that 


6 (Lom + KaLinm CO8 Wmt) COS wot ' (10-182) 


282 TRANSISTOR CIRCUIT ANALYSIS AND DESIGN 


then this equation describes amplitude modulation. In a slightly different 
form, Eq. (10—18a) becomes 





KE, 
€ = Kum (1 + on ie ont) COS Wet (10-18b) 

cm 

or 

€ = Bem(L + Mma COS Wmt) COS wel. (10-18c) 
Mq is proportional to the ratio of 
+ maximum amplitudes of the com- 
Eom ponent waves and is called the modu- 


lation factor or modulation index. 
Fig. 10-12 illustrates the waveforms 
of interest. Should m, exceed unity, 
distortion is introduced. 

All of the intelligence given by 
Eq. (10-17) is contained in the en- 
velope of the composite waveform, 

for the envelope (the dashed curve 
XK Ban joining peaks in Fig. 10-12c) can be 
t described by 


Eem(1 + Ma COS Wmt). 


(a) 


Its time-varying component is 
Emm COS Wnt, 


which is Eq. (10-17). 

Should the composite waveform 
relationship given by Eq. (10-18¢) 
be expanded trigonometrically, we 
obtain 


€ = Eom COS wel 
+ 4mqEem C08 (we + wm)t 
+ 3maEem C08 (we — wm)t. (10-19) 
Fig. 10-12. Amplitude modulation: (a) Eq. (10-19) represents the sum of 


Speen lacie ee es Ea three waveforms, one of the carrier 
mpli e diagram) ; Ks 

oe mek %) scodnatad frequency, one higher and another 

wave, Ma = 0.5. lower than the carrier frequency. 

The higher frequency is part of the 

upper sideband, while the lower frequency portion lies in the lower sideband, 

Should the modulating signal contain waves of many frequencies, as one would 
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find in broadcasting, the sidebands too would be made up of many different 
frequencies. 

The amplitude modulation process can occasionally be useful for frequency 
shifting. Should w, and w, be supplied to a modulator, the frequencies We; 
We — Wm and we + wm are available from a perfect process. Not only is the 
low- or audio-frequency signal shifted to a higher level in the spectrum as 
evidenced by the second and third terms of Eq. (10-19), but the carrier fre- 
quency is also shifted higher and lower according to those same terms. 

The AM Amplifier. A method for amplitude-modulating a carrier is to 
feed the carrier through an amplifying stage whose gain varies in accordance 
with the frequency of the modulating signal. We have already seen that the 
gain of transistor stage is highly dependent upon quiescent emitter current. 
Suppose that total emitter current is caused to follow the instantaneous 
modulating wave as in 


tg = In + K'Enm COS wml. (10-20) 


Amplitude modulation will result provided that the maximum signal ampli- 
tude Emm is smaller than the direct emitter current Ip. If gain is a function 
of total emitter current, and, more specifically if 


A, = K"%z, 
then voltage amplification is 
A, = K" Ug + K'Enm COS mt). (10-21) 
Output voltage may be given by 
Vo = Arle. (10-22) 
Substitution of Eqs. (10-16) and (10-21) into Eq. (10-22) yields 
U = K" (Lg + K’Emnm COS mt) (Eom COS wel). (10-23a) 
This may be written as 
Vo = K" IgE om C08 wet 
K'K"EnmE em 


; [cos (we + wm)t + Cos (We — wm)t]. (10-23b) 


Thus 
Ma 





Eom 
v1. = K Eom COS Wet + 7 [cos (we + wm)t + cos (we — on). (10-23c) 
This represents an amplitude-modulated wave as required by Eq. (10-19). 
The modulation factor ma in the above equation equals K’Ey»/In. 
Because a perfectly proportional relationship between gain and bias was 
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previously assumed, the expression for v, contained no harmonics or signals 
of unwanted frequencies. Undesirable signals always result from practical 
modulation techniques, and a tuned circuit is used in the collector of the 
modulator stage to provide the necessary frequency selectivity. Naturally 
the bandpass characteristic of such a circuit must include the carrier and 
both sidebands. 

The modulating signal may be injected into a carrier-amplifying stage as 
base signal, emitter signal, or collector signal. Because the frequency of the 
carrier is always much higher than the modulating frequency, capacitors and 
transformers may be used to maintain separation of signals. Thus the ca- 
pacitor across the modulation input in each circuit, C., Cp and C, in a, b and c 
of Fig. 10-13 respectively, is chosen as a short-circuit for the carrier only; one 


Modulation 
= Input 





PEt, 
Modulation 
Input 






Carrier 
Input 
—S 


Cn 







Modulation 
Input 


— > 


Cc C, 





(b) ® 


Fig. 10-13. Modulator circuits: (a) emitter modulation; (b) base modulation; (c) col- 
lector modulation. 


would naturally not want to ground the modulation at its input. Cy» in Fig. 
10-13b blocks d-c; the remaining capacitors in each circuit are useful in by- 
passing all a-c from the parallel d-c path. 
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Base and emitter modulation are very similar, both methods represent a 
sort of “low-level modulation,” because operation is limited to the most linear 
portion of the gain vs. iz curve. Shea ™ has shown almost perfect linearity 
using emitter injection up to 92% modulation, with base injection resulting 
in more distortion. 

Collector modulation causes collector-to-emitter voltage to vary with the 
modulation voltage. The most linear region of the gain vs. vcg curve is at 
low levels of potential, therefore collector injection will also be limited to low 
signal levels. 

Frequency Modulation. A frequency modulated wave results when the in- 
stantaneous deviation in frequency from the carrier is proportional to the 
instantaneous value of the modulating signal. Thus the angular frequency 
of the FM wave is described by 


= we + KyEmm COS wml. (10-24) 


Total phase angle ¢ = wt, so that, if w is variable, 


t t 
¢ -{ wdt -{ (we + Ky Emm COS wWmt)dt. 





Therefore 
KyEmm 
= at + SIN Wnt, (10-25a) 
Wm 
or 
b = wet + Mz SiN wt. (10-25b) 


The modulation index is m;. Substitution of Eq. (10-25b) into the carrier 
equation, ¢ = Ecm cos ¢, yields 


€ = Eom COS (wet + my sin wmf). (10-26) 


This is the general equation for a frequency-modulated wave. Phase modula- 
tion results in a similar voltage equation. 

The methods for attaining an FM waveform will not be discussed here. 
Our interest in FM in this chapter will center about the reception of a fre- 
quency-modulated wave and not in its generation. 

10-3. Detection. It is, of course, necessary to separate the amplitude- 
modulated wave into its components, carrier and signal, in order to retrieve 
the intelligence in a communications system. The process of separation of 
information from the carrier and sidebands is called detection or demodulation. 
The carrier can be looked at as a tool for the successful transmission of elec- 
tromagnetic radiations; it is discarded at the receiver after its purpose has 
been served, 

Diode Detection. Two-electrode devices, the semiconductor diode in par- 
ticular, are very popular elements for detection. The volt-ampere character- 
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istic of the diode, even when idealized as in Fig. 10—14, is nonlinear in the sense 
that it will pass only signals of a particular polarity, and it can be shown that 
a nonlinear characteristic is essential for both the modulation and the de- 
modulation processes. 

The ideal diode characteristic is given mathematically by 


‘ eb 
th =— fore, >0 
Tp 
and 
1 =0 fore, <0 


zy and é, are the instantaneous plate current and plate-to-cathode voltage re- 
spectively, and 7, the dynamic plate resistance (forward diode resistance). 


SCH 
e, ie a} 


Fig. 10-14. Idealized diode characteris- Fig. 10-15. Simple diode detector circuit 
tic. with filter and load. 


All diodes, as stated in Chapter 1, whether they be of the semiconductor or 
the vacuum types, are discussed in terms of vacuum-tube quantities (i, ép, 
Tp, ete.). 

For an analysis of diode detection, we shall consider only the popular cir- 
cuit of Fig. 10-15, operating so as to perform what is commonly referred to 
as envelope detection or linear detection. In appearance this is merely a recti- 
fier type of circuit with capacitor input filter, so rectification studies will 
prove helpful in analyzing such an envelope detector. 

The waveform available to the circuit is that of an amplitude-modulated 
wave, with a high-frequency carrier and a low-frequency envelope usually 
varying according to audio-frequency modulation. In other words, the diode 
slices off negative-going portions of the composite waveform. The capacitor 
may be thought of as shorting all of the carrier to ground, or, alternatively, 
providing a low impedance to the carrier so that most of the carrier voltage 
will drop across rp. The capacitor charges up to the peak of the composite 
wave through the fairly low rp, and then, on negative half cycles of the carrier, 
tries to discharge through the relatively high-resistance load Rz. Because 
the capacitor is chosen so that this discharge is very slight in the time avail- 
able between carrier half cycles, the voltage available at Rz is simply the 
audio-frequency modulation superimposed upon a constant level, that level 
resulting from the rectification process, 
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An average or direct voltage exists across the load during all periods when 
the circuit is in operation, and that potential will alter the preceding idealized 
discussion, for the diode operating point, in the presence of signal, will be at 
—Ep volts along the ey axis instead of 0. Although, in reality, Ep is not a 
constant-valued quantity, it will herein be assumed constant in order to sim- 
plify the analysis. The instantaneous potential applied to the diode can now 
be written as 


€) = Eem(1 + mq COS wmt) COS wet — Ep. (10-27) 
In a further quest for simplicity, this equation will be written as 
ep = EH’ cos 6 — Ep, (10-27b) 


with E’ = Eem(1 + mg cos wt). E’ will be treated as a constant when only 
a few cycles of the carrier are being investigated. Over a single cycle of the 
carrier the average of the load current is given by an integration of the current 
waveform. Thus 
1 *. eb 
Ir = — — dé. (10-28) 


TJ _7z Tp 


Because there is conduction between —0, and +6,, as shown in Fig. 10-16, 








Fig. 10-16. Operation of diode detector during a cycle of the carrier. 


the integration limits in Eq. (10-28) may be changed. Substitution of Eq. 
(10-27b) into the integral and evaluation yields 


1 
Tr = — (E' sin 6, — ER6,). (10-29) 


Ty 


Recall that Lp = IpRy if Ry >> 1/wC. Observation of Fig. 10-16 shows 
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cos 0, = Er/E’, and therefore 











E’R 
Er = Z (sin 6, — 65 COs 05). (10-30) 
; mT 
Removal of E’ gives 
EnmRi, . 
Er = Femi (sin 6; — 6, CoS Os) + = (sin 0; — 4s COS Os) COS Wmt. (10-31) 
Tp TTp 


Eq. (10-31) indicates that a substantial direct voltage is present across the 
load, and that it is highly dependent upon carrier magnitude. The second 
term shows that the modulating frequency has been recovered without dis- 
tortion. 

Practically, distortion is evident in most demodulators because of curvature 
in the diode characteristic, and because for some modulation frequencies the 
capacitor cannot discharge at the same rate as the modulation envelope de- 
creases. An empirically derived relation ® for designers indicates that distor- 
tion is not excessive if 

cade: (10-32) 
RrC 

Transistor Detectors. The transistor is used occasionally as a detector. It 
is capable of detection because of the diode-like characteristic of its emitter- 
base input circuit. When operated at a very low quiescent emitter current 


(less than 50 ya), the detection performance of a transistor is good; it provides — 


signal gain and therefore may be used to play the dual roles of detector and 
first audio amplifier. Where AGC is used, more control power is available 
with a transistor detector. 

As we have seen in Chapter 5, low emitter current results in low gain, and 
therefore the gain provided by a transistor detector will not be as great as 
that of a regular audio amplifier. A simple transistor detector stage is illus- 
trated in Fig. 10-17. A small base-bias is provided by R, and R3; the d-c 






To Audio 
Amplifier 


Fig. 10-17, Transistor detector, 
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level at the emitter, after detection, is fed back for AGC purposes. Capacitors 
C, and C2 are of 0.01 uf, a size consistent with the requirement for low I.F. 
impedance in broadcast receiver operation, but they do not effectively short 
the audio modulation. R, helps to maintain a direct collector potential that 
is fairly constant, and therefore not too seriously affected by volume control 
setting. : 

FM Demodulation. An FM detector must be capable of changing varia- 
tions in frequency into variations in amplitude. Because it is desired that 
amplitude variations caused by noise and unwanted signals not be reproduced 
in the loudspeaker, the FM _ receiver sometimes includes an amplitude- 
limiting circuit. This limiter precedes the detector and provides the detector 
with a substantially constant amplitude signal above a certain low level. 
Limiting action is possible through use of the saturation and cutoff regions of 
transistor characteristics. When a ratio detector is being used, the translation 
from FM to AM can be accomplished without external limiting, for the ratio 
detector circuit is insensitive to amplitude variations. Because ratio detectors 
are primarily diode circuits, and because analysis is fairly involved, no descrip- 
tion of such circuits will be attempted. The reader is referred to the excellent 
treatment available in other texts. 

10-4. Conversion and Mixing. In the superheterodyne receiver, the in- 
coming modulated carrier (R.F.) is combined with a locally generated wave- 
form to produce a new frequency, the I.F., which is also modulated and is at 





Fig. 10-18. Block diagrams of receiver front end—local oscillator and converter 
systems for obtaining the I.F. 


lower frequency than the original carrier. This combining of waveforms may 
be accomplished in a mixer stage, or the local oscillator and mixing functions 
may be combined in a single stage. When this latter procedure is used the 
process is described as frequency conversion and the stage is said to be a fre- 
quency converter. The two possible methods for producing the amplitude- 
modulated I.F, are shown in Fig. 10-18 in block form. 

Some choose to view frequency conversion as a modulation process because 
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the amplitude of one signal is made to follow the variations of another signal. 
The local oscillator output corresponds to the waveform to be modulated and 
the R.F. wave is the modulating signal. Others feel that frequency conver- 
sion is detection, and the converter is frequently called the “first detector” 
because a frequency shifting from the R.F. level to I.F. level is accomplished. 

The mixing of two waveforms in a linear device does not result in the gen- 
eration of waveforms of new frequencies. Therefore, again, a nonlinear char- 
acteristic will be necessary. A square-law characteristic such as 


ig = Key? (10-33) 
satisfies the requirements. Consider the amplitude-modulated waveform 
mathematically described by 


MH, mM, 
“cos (we — Wm)t + = 








Eom 
€y = Eym COS wet + 5 COS (we + wm)t. (10-34) 


The local oscillator voltage is given by 
€2 = Eym COS Wet. (10-35) 


Addition of these two voltages to give e, and squaring their sum as indicated 
by Eq. (10-33) results in a host of terms; those involving w., wz, we + wz and 
We + wz + w,» and their harmonics will be discarded because it is desired that 
w;, the intermediate frequency, be lower than the carrier, w,, and that tuned 
coupling to the following stage will pass only those frequencies in the neigh- 
borhood of the I.F. Thus, the angular I.F. will be 


Wj = We — We. (10-36) 
The terms of interest are 


Ma 
te = KE ymE om os (we — wz)t + a COS (We — Wz + Wm)t 
Ma 
+ = COS (We — We — on) (10-37) 
This equation may be written in terms of the I.F. 
Ma Ma 

te = KE ymEom cos wt + COS (wz + Wm)t + soe (w;— on) (10-38) 

A comparison of Eq. (10-38) with Eq. (10-34) clearly shows the frequency 
translation that has taken place. 

A typical converter stage is shown in Fig. 10-19. Emitter injection of the 


oscillator coil (7) signal is used to minimize interaction between the oscilla- 
tor and R.F. sections. Resistors R,, Re and Rs provide and maintain the 
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Fig. 10-19. Transistor converter stage. 


operating point, with C, bypassing R, and C, blocking d-c from the input 
transformer secondary. 

10-5. The AM Receiver. The preceding material will now be integrated 
in order to briefly study the complete superheterodyne AM receiver. A 
general block diagram of this type of receiver is shown in Fig. 10-20. In 
operation only the R.F. stage and the local oscillator are tuned to receive a 
specific station. All other portions of the set are pretuned at the factory or 
in service alignment. The I.F. stages must handle only the intermediate fre- 
quency (455 ke or 262 ke for example) and sidebands; the audio stages just 
amplify the modulation frequencies. Thus each incoming signal is converted 





Fig. 10-20. Block diagram for complete AM receiver. 


to the same I.F. and amplified by high-gain, fixed-tuned stages designed for 
the required selectivity. 

The frequencies at various points within the receiver are shown in the dia- 
gram with the following abbreviations: 


Se 
Jin 
to 
fi 


carrier frequency 

modulation frequency (audio) 
local oscillator frequency 
intermediate frequency 
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Deviations from the general block diagram are common. The R.F. stage na & 
may be omitted in certain receiver designs, because of economic considerations; x 3 
the functions of separate local oscillator and mixer circuits may be performed a be 
by a single converter stage; and AGC may be shown on the diagram connect- a > 
ing the appropriate blocks. The number of transistors used in the I.F. por- nN 
tion may differ among designs owing to costs or owing to the theory that & 
greater receiver gain is achievable from additional audio stages because tran- oan 
sistors provide more gain at low frequencies. & g g 
Naturally the receiver takes on the form dictated by design specifications Aq 
regarding sensitivity, output power, frequency response, distortion, costs, etc. es A 
In our brief study of the AM receiver, attention will be focused upon the = 5 
complete radio schematic shown in Fig. 10-21. Because this circuit offers a é 
number of interesting features, it was selected to be included here. A discus- a 
sion of these features follows. ; x 
Upon first examination, notice that both p-n-p and n-p-n types are used er 3 
with a single 9-volt supply, negative grounded. The common-emitter orienta- Ba iB 
tion is used throughout. The n-p-n transistors use +9 volts as their collector 5 
supply; p-n-p units have their collectors at d-c ground with the +9 volts sup- Se 
plied to their emitters. Notice that base-bias resistors are more or less oppo- a = & 
sites when using different transistor conductivity types; this is apparent when | 5 
the converter stage is compared with the second I.F. stage. m g S 
The AGC line is from the plate of the detector diode to the base of the first a aN g . 
LF. stage. Base bias for that stage is obtained from the AGC line, and in the Be a £ 
absence of signal there is a quiescent base current because of the connection arp Ba as 
through Rio to the supply. The output pair is conventional Class-B push- BR a = % 
pull with some base bias for the elimination of crossover distortion. Bypassed 58 =a 8 
emitter resistance is used in all Class-A stages and what we have called Ci S 
single-battery bias is used throughout except where AGC feedback is in- 41h) 3 
troduced. B 
The a-c path commences with signal pickup in the antenna coil L;. For I" a 
the frequency that C, is adjusted for, series resonance results in the greater 3 
portion of the signal being available at the base of the converter. Unwanted ® 
signals (off resonance) find C, part of a high reactance and drop across the 8 
untuned L-C series combination, leaving little signal at the relatively low- BS a 
impedance converter input. sis $ 
Collector-to-emitter coupling through the oscillator coil Lz provides the A 
adjustable locally generated frequency. The I.F., formed from signal mixing FE 
in the converter, is transformer coupled to the first I.F. stage. The IF. ~ pe 
stages are unneutralized. Detection is accomplished with a point-contact “ue ay 
diode in the conventional manner; the driver and output pair are also con- 4 RS R 
ventional. ae 4 
10-6. The FM Receiver. FM receivers use the superheterodyne principle, i bc 2 


and in Fig. 10-22 a block diagram of such a system is shown. The frequencies 














Fig. 10-22. Block diagram for complete FM receiver. 


at various points within the receiver are shown and the following abbrevia- 
tions are used: 


fc = carrier frequency 
Af. = carrier variation due to modulation 
fo = local oscillator frequency 
f; = intermediate frequency 
Af; = I.F. variation due to modulation 
fm = modulation frequency (audio) 


Because high-frequency audio signals are accentuated by a preemphasis 
network in the FM transmitter in order to improve the signal strength rela- 
tive to noise, the FM receiver must include a response-shaping network 
(deemphasis) to reduce the highs. 

The application of transistors to FM circuits has proceeded rather slowly 
because of the poor transistor performance of early production types at FM 


frequencies (88 to 108 mc). The advent of modern high-frequency types | 


such as the drift transistor with its small effective base width and low feed- 
back capacitance has resulted in satisfactory FM reception. 

J. W. Englund and H. Thanos at the Radio Corporation of America have 
described a complete all-transistor battery-operated FM receiver.’ The 
schematic diagram of this receiver is shown in Fig. 10-23. Nine transistors, 
three semiconductor diodes and a thermistor are used in the circuit in addition 
to the normal complement of usual passive circuit elements. This circuit will 
be discussed because it makes use of many of the aforementioned electronic 
principles. In the paragraphs to follow some of the many engineering con- 
siderations associated with the design of a circuit of this type will be men- 
tioned. 

Starting with the front end, it is immediately obvious that the R.F., mixer 
and oscillator stages are common-base oriented. This configuration provides 


a higher usable gain than does the common-emitter connection and simplifies — 


the design of the output coil by providing a higher output resistance which 
results in a more favorable operating circuit Q. Because the drift transistor 
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used is inherently stable over the FM bandwidth when used in the common- 
base configuration, maximum available gain can be realized consistent with 
economical transformer construction. Some ten to fifteen db of power gain 
can be attained from the R.F. amplifier. 

The input and output coils of the R.F. amplifier stage (Z, and Ls) are de- 
signed to provide a match at 108 me to give the highest circuit gain at the 
frequency at which the transistor has inherently less gain, and also to provide 
a good signal-to-noise ratio by minimizing input-circuit loss. An emitter cur- 
rent of 1.5 ma was chosen as the operating bias of the R.F. stage because this 
value provides the best balance between maximum available gain, good signal- 
to-noise ratios and AGC performance. 

Coupling between the R.F. coil L3 and the mixer is achieved through 
capacitor C2, which results in a match between the input resistance of mixer, 
the parallel combination of the R.F. transistor output resistance, and the R.F. 
coil parallel-tuned resistance. The mixer transistor is operated at an emitter 
current of 0.6 milliampere and a collector-to-base voltage of 11.1 volts, with 
125 millivolts rms of oscillator injection voltage. This operating point and 
value of injection voltage result in minimum noise contribution of the mixer 
and maximum gain, while avoiding any tendency of the base-to-emitter junc- 
tion to become reverse-biased because of excessive oscillator swing. The first 
I.F. coil in the collector circuit of the mixer is designed to provide an approxi- 
mate match to the output resistance of the mixer for increased front-end 
gain. 

The oscillator circuit operates as a grounded-base circuit and needs no 
phase shift in the feedback network to sustain oscillation. Careful circuit 
design must be utilized, however, to compensate for the transconductance 
phase shift at the highest frequency of oscillation (118.7 me). Feedback from 
collector to emitter is obtained through a 4-uyf capacitor, Cg. Inductor Ly 
is placed in the emitter-base circuit to correct for the transconductance phase 
shift. Because the oscillator transistor phase shift is controlled, a fixed value 
of inductance may be used. The design of the oscillator d-c bias circuit is 
such that the emitter current and collector-to-base voltage vary in a pre- 
scribed manner to provide oscillator-frequency compensation with a change 
in supply voltage. Frequency compensation with temperature, although not 
included in this design, can be added by the use of a temperature-sensitive 
capacitor. The over-all circuit gain of the front end of the receiver at 88 and 
108 me is 26.5 and 22.5 db, respectively, with a noise factor of 6 db. 

In the design of the I.F. amplifier transformers, it is necessary to know the 
power gain at the intermediate frequency (10.7 mc). Based on amplifier 
stability considerations, a usable gain of 23 db per stage may be obtained. 
This usable gain figure is obtained by reference to the input and output re- 
sistance of the device, Fj, is 825 ohms and Ro is 24,000 ohms at 10,7 me for 
the transistor type selected, 
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The I.F. amplifier portion of the receiver shown in Fig. 10-23 has two tran- 
sistors operating in the neutralized common-emitter configuration and one = 
transistor in the unneutralized common-emitter configuration. Three double a 
tuned transformers 7;, Tz and 73 are used for coupling. The design of the 
primary impedance of the ratio-detector transformer, which is dictated by z 
the large-signal capabilities of the driver transistor, does not require neutrali- 
zation because sufficient mismatch is provided for stability. 

Although AGC voltage is available at the output of the ratio detector, it 
is advisable to obtain AGC from the driver transformer through a 1N295 
diode to prevent undue loading at the output of the ratio detector. AGC is 
applied to the I.F. stage first, and then amplified. AGC derived from the 
emitter of the first I.F. stage is applied to the base of the R.F. amplifier stage. z 
The large-signal capabilities are further improved by the incorporation of a 
limiter resistor Ro7 in the output of the second I.F. amplifier. 

The ratio-detector circuit is of conventional design and incorporates balanc- 
ing resistors to provide good AM rejection. Also in conjunction with these 














Css = 47 upf 


Rg Rig Ree Rez = 1000 ohms 


T4: Qou of primary is 41 and seo 








balancing resistors, resistor Rog is placed in series with the tertiary winding to Fd S 
. . . . . . . . . cn) oO 
provide further AM rejection. The audio signal is derived from this point Z he 
and fed through a volume control to the base of the audio-driver stage. The Bs 3 
. . . . Ba] m~ 
standard deemphasis curve is obtained through the use of a 0.001 microfarad af = 
. . . . a 
capacitor, C45, across the driver transformer and a 0.02-microfarad capacitor, fale Tes i 
C49, across the output transformer. The output stage is operated Class-B | & | as 
and is capable of delivering one watt of audio-output power at 10 per cent | By a 
distortion. The over-all audio gain is approximately 70 db. ig x | 4 
| 2 
e| ! = 
a a} os 
oO 
Parts List for FM Receiver § oe & 
C1 C23 C30 Cag = 5 mmf long, tapped at 14% turns from R31 = potentiometer, 25,000 ohms a ARES - 
Ce C7 Cg Ci0 Cy7 Cig Co1 Co4 Cos bottom R33 R35 = 6800 ohms at pe 
Ce7 Cog Cs1 C33 C34 C35 = 0.005 Le Ls = 6.2 wh R34 = 1500 ohms “ 
hf L;3 = 4 turns No. 18 Heavy Form- R36 = 3300 ohms oy ig, 9 
C3 C5 Cig = 1-10 put var, 3%” diameter, spaced, 34” R37 = 68 ohms S 
C4Co Cis = 3-15 put long Rss R39 = 3.9 ohms 
Cg = 4 wf L, = 3 turns No. 18 Heavy Form- Rr = 100 ohms at 25° C a 
Ci1 Cig = 470 upf var, 3%” diameter, spaced, 34” T1: Qov (unloaded, uncoupled) of & 3s 
Cie = 8.2 upt long primary is 90 and of secondary 5 AW z 
Ci3 = 8 put R, Re Ris = 820 ohms is 66; Qiu (loaded, uncoupled) Zz . 5 i} 3 at 8 
Ci Coz Cog = 31 wut R3 Re = 39,000 ohms is 53. & pea £5 
C20 Cog Cao = 33 put Rg R7 Ru Riz Ris Ros = 6800hms —‘T2, T3: Qov of primary and see- 3 —N\ Qn 28 
C37 Cag = 5 uf, electrolytic, 6 v Rs Rg Reg R30 = 4700 ohms ondary is 67; Qiu is 53. | on 3 
: eer f 5 $ 


Cs9 = 120 pf 

C40 Ca, = 330 ppt 

C43 = 2 uf, electrolytic, 6 v. 

C45 = 0.001 uf 

Cae Caz Cag = 100 yf, electrolytic, 
12v 

C4o = 0.02 pf 

L; = 4 turns No, 18 Heavy Form- 
var, %” diameter, spaced, %” 


Rio = 68,000 ohms 

Ri3 = 43,000 ohms 

Rie R20 Raz = 33,000 ohms 
Ri7 Roi Rag = 5600 ohms 
Rig = 220 ohms 

Res = 470 ohms 

Ree = 1000 ohms 

Rgo = 3300 ohms 

Rag = 100 ohms 


ondary is 90; Quv is 20 and 9, 
Ts: impedance ratio (primary to 
secondary) is 10,000 ohms to 
1000 ohms, 
To: primary impedance 250 ohms 
collector-to-collector, center 
tapped; secondary 3,2 ohms, 
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Fig. 10-24 shows the tuning characteristic of this FM receiver for input 
signals of 11, 110, 1,100, and 11,000 microvolts. The peak-to-peak separation 
varies from about 160 kilocycles at 11 microvolts to 330 kilocycles at 110,000 
microvolts. The AM rejection ratio of the receiver varies from —20 db at 
sensitivity level of 2.5 microvolts to a maximum of —36 db at 12 microvolts 
and stabilizes at —35 db up to 100,000 microvolts. (For a definition of un- 
familiar terms, see, for example, Reference 11.) 

Fig. 10-25 contains curves for sensitivity, image rejection, and I.F. rejection 
from 88 to 108 megacycles. Sensitivity varies from 4 to 5 microvolts, image 
rejection from 40 to 25 db, and I.F. rejection from 72 to 74 db. Frequency 
response for this receiver is down 3 db at 230 cps and 12,000 eps. Additional 
performance information concerning the circuit is available. 


Certain additional considerations are appropriate. Stabilization of oscilla- 


tor frequency with variations in temperature and supply voltage, reduction 
in noise, incorporation of automatic frequency control and cost reduction 
through use of fewer transistors are some of the many areas that warrant fur- 
ther study by the designers.’ 
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Fig. 10-24, Tuning characteristics of transistor FM receiver. 
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Fig. 10-25. Sensitivity, image rejection and LF. rejection of receiver over the FM 
band. 


PROBLEMS 


10-1. Solve for the expression for the instantaneous current in the series 
R-L-C circuit of Fig. 10-1 suddenly supplied with a direct voltage of E volts. 
The circuit has been at rest for some time prior to switching. Make neces- 
sary assumptions so that the current wave will be comprised of a damped 
oscillation. Express the frequency of this oscillation in terms of the circuit 
parameters. 

10-2. Analyze the common-base oriented transistor with a > 1 for the re- 
quired conditions for a negative input resistance. 

10-3. A common-base connected transistor is to be used as an oscillator 
with a transformer coupling its input and output circuits. Draw the com- 
plete circuit and describe all differences between your circuit and that shown 
in Fig. 10-4. 

10-4. Confirm Eqs. (10-8) and (10-9) for the phase-shift oscillator. 

10-5. Confirm Eqs. (10-11) and (10-12) for the Colpitts-type oscillator. 

10-6. Confirm Eqs. (10-13) and (10-14) for the Hartley-type oscillator. 

10-7. Include mutual inductance in the derivations for starting conditions 
and frequency of oscillation for a Hartley-type oscillator. 

10-8. Write the circuit determinant for the generalized oscillator shown 
in the accompanying diagram, 
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Problem 10-8. 


10-9. Can you find a relationship among external elements, from the solu- 
tion to Problem 10-8, that will result in the frequency of oscillation being com- 
pletely independent of the transistor parameters? 

10-10. A quartz crystal has the following equivalent parameters: L = 1 
h., C = 0.04 uuf, R = 5,000 ohms, Cy, = 3 upf. ; 

(a) Determine the resonant frequency of the series portion of the circuit, 

(b) Determine the Q of the series branch. 

(c) Determine the resonant frequency of the entire parallel circuit (negle 
R but include C;). 

(d) By what per cent does the parallel resonant frequency differ from t 
series resonant frequency? ; 

10-11. In the tuned-emitter, tuned-base oscillator of the accompanyi 


+ Ecc 
O 





Problem 10-11. 
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diagram FR, and Rz are large-valued resistances useful for biasing. Prove 
that the frequency of oscillation for this circuit is given by 


Cy + C, 
(Ly + L2)CC2 


10-12. So-called square-law or small-signal modulation is produced when a 
device with a nonlinear transfer characteristic, for example one of the form 


. 2 
Ic = Kyeyn + Koen ’ 


w? & 


is excited with a base voltage that is the sum of modulation and carrier fre- 
quency terms as 
€y = Enm COS Wmt + Hom COS wel. 


(a) Show that the resulting expression for collector current contains terms 
InVOlVINg w., Wm, (we + wm), (we — wm), and harmonics of the two input fre- 
quencies. 

(b) Derive the expression for 7, that contains only terms in w,, (we + wm) 
and (w, — wm) by assuming that a frequency selective network eliminates all 
terms not in the vicinity of we. 

(c) Prove that the modulation index may be given by mq = 2KoEmm/Ky. 

10-13. For a modulated wave given by 


e = 100(1 + 0.4 cos 20008) sin 10% 


find the three frequencies contained in the wave and the peak amplitude of 
each. 

10-14. Derive an expression for the sideband power as a percentage of car- 
rier power in terms of the modulation factor ma. 5000 watts of 30% ampli- 
tude-modulated R.F. power contains how much sideband power? 

10-15. Square-law detection depends upon a voltage-current characteristic 
of the form 

1p = Ke”. 


If an amplitude-modulated wave 
€p = Eom + Ma COS wmt) COS wet 


is impressed upon a device with a characteristic as given above, show that 7% 
will contain terms in wm, 2wm, 2w, and in the sum and difference of harmonics 
of the carrier and modulating frequency. Find the coefficients for each term 
of the expansion. 

10-16. For the square-law detector of Problem 10-15, determine the highest 
allowable modulation index in order for second harmonic distortion to be 
limited to 10% of the fundamental (w,). 

10-17. Show that a circuit element with a square-law characteristic (see 
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Problem 10-15) can be used as a frequency multiplier when e = Eyyax sin wt 
is applied. 

10-18. A superheterodyne AM receiver contains an R.F. amplifier, separate 
oscillator, three I.F. amplifiers, and a Class-B audio-amplifier pair. The I.F. is 
455 ke, and the receiver is tuned to a station at 1050 kc, modulated at 1000 eps. 

(a) Draw a block diagram clearly showing all necessary functions. 

(b) On the diagram indicate the frequencies present in each stage. 

10-19. Draw a block diagram for the AM receiver of Fig. 10-21. 

10-20. Describe the function of each resistor in the circuit of Fig. 10-21. 

10-21. Describe the function of each capacitor in the circuit of Fig.\10-21. 

10-22. Describe the function of each inductor and transformer in the cir- 
cuit of Fig. 10-21. 

10-23. For the circuit of Fig. 10-21, compare the reactance of emitter by-— 


oOo 


pass capacitors with the resistance they bypass for the audio and I.F. stages. 7 

The I.F. is 455 ke. 8 
10-24. In the circuit of Fig. 10-21, what approximate direct voltages would - 

be measured from base-to-ground and collector-to-ground for the I.F. and 9 

audio stages? Consider that the I.F. stages each operate at 1 ma, the driver 10 

at 2 ma, and the output pair at 0 ma. ‘ u 
10-25. Redraw the circuit of Fig. 10-21 showing only those components 

that make up the d-c portions of the circuit, in other words the components 12 


affecting the operating points. 

10-26. Redraw the circuit of Fig. 10-21 showing only those components 
that make up the a-c portions of the circuit, in other words the components” 
affecting the signal. 

10-27. Repeat Problem 10-25 for the circuit of Fig. 10-23. 

10-28. Repeat Problem 10-26 for the circuit of Fig. 10-23. 

10-29. For the circuit of Fig. 10-23, draw a complete block diagram. In- 
clude the AGC path. 

10-30. Discuss the operation of a ratio detector such as that used in the 
circuit of Fig. 10-23. 

10-31. Discuss the crystal oscillator of the accompanying figure. 





Problem 10-31. 
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PULSE CIRCUITS 





















Continuous and generally sinusoidal currents and voltages were considered 
in the foregoing chapters. There are a great many applications where discon- 
tinuous and nonsinusoidal waveforms play an important role, and conse- 
quently this chapter will be devoted to pulse and switching circuits, those cir-_ 
cuits wherein abrupt and often large changes in the important quantities occur. 
Changes of this sort often result from the presence or absence of an input drive, 
and faithful reproduction of the input waveform is sometimes not a require- 
ment. Switching circuits are not conveniently analyzed by steady-state 
methods because operation involves the saturation and cutoff regions as well 
as the active region of the transistor characteristics. 

Pulse circuits are required to perform certain functions; these functions 
may be summarized as follows: 


1. Generation of pulse waveforms 
2. Amplification of pulse waveforms 
3. Shaping of pulse waveforms 

4. Storage of digital information 

5. Switching and gating 


Generation and storage will be described in the section of this chapter de= 
voted to multivibrators; item 2, the amplification of nonsinusoidal wave- 
shapes, will be given some further attention and may also be classified under 
the video amplifier heading of Chapter 9. Item 3 will not be discussed here 
as it is primarily a passive-device function, but general switching theory, 
item 5, does warrant some attention here, and our discussion will proceed with 
the considerations involved. 

11-1. Switching. The resistive load Rz shown in Fig. 11—la is connected 
in a series circuit with a switch and a d-c supply. The resistor is to be sup= 
plied with current, and hence power, from the supply when the switch is closed, 
The generalized switch of the figure may take on one of many forms, F 
instance, it may be an electromechanical, a purely mechanical or a pure 

804 
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electrical device. Often the power available to control the switch (to change 
its state from ON to OFF or vice versa) is small, and therefore the switch 
may also be required to provide amplification, for then, from a small-signal 





(a) (b) (c) 


Fig. 11-1. Switching: (a) general circuit; (b) the relay as a switch ; (c) the transistor 
as a switch. 


command, it can control a great deal of load power by completing the R,-E 
circuit. 

An electromechanical switch, the relay for example, combines amplification 
with control. A small signal of either polarity (or even a-c) supplied to the 
relay coil will close the switch and complete the R,-E circuit as shown in Fig. 
11-1b. The signal applied must be more than a specified minimum in order 
for the relay to actuate and close the contacts; the relay will “drop out” and 
the contacts will open when the voltage E; decreases below a specified level. 

The transistor may be used as a switch. In the circuit of Fig. 11-1c¢ a tran- 
sistor takes the place of the relay of the preceding figure. The low-power 
n-p-n transistor depicted requires, for the full ON condition, a potential E, 
of Several hundred millivolts, or, alternately, a base current of several hundred 
microamperes of the correct polarity. The full ON condition exists when the 
transistor is in saturation, and consequently the resistance of the collector- 
to-emitter branch is very low. Various ON conditions are possible and corre- 
spond to operation within the active region of the collector characteristics, 
but for the time being let us concern ourselves with full ON. To turn the 
transistor OFF, opening of the base lead may not suffice, for Ic¢go is the re- 
sulting collector-to-emitter current. The full OFF condition is attained when 
a small negative potential is applied to the input terminal pair to reverse-bias 
the emitter junction. The resulting load current is Igo and may be just a 
few microamperes. 

Let us now examine the advantages and disadvantages of the transistor in 
relation to the relay as a switching device. One measure of comparison is 
the ratio of open- to closed-circuit resistance introduced into the load circuit 
by the switching device. An ideal switch has infinite resistance when open, 
zero resistance when closed, and therefore an infinite resistance ratio. The 
relay approaches this ratio, However, the transistor when full ON or satu- 
rated does have a finite collector-emitter resistance, and when full OFF does 
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pass some leakage current, so a finite resistance ratio is apparent. For a typi- 
cal low-power germanium transistor, the saturation resistance may be of the 
order of 4 ohms and Ico may be 5 wa at Ver = 10 volts. These figures indi- 
cate an OFF-to-ON resistance ratio of 0.5 X 10°. A silicon transistor for the 
same job may have a saturation resistance of 200 ohms, and I¢o may be 0.1 
pa at Veg = 10 volts. These numbers also yield a ratio of 0.5 X 10°. Higher 
power transistors have lower saturation resistance but more leakage current. — 

The transistor is, as we have seen, inferior to an electromechanical switch 
in the aspect discussed above, but the devices may be compared on other 
counts. Because the transistor has no moving parts and therefore lacks 
mechanical contacts that are subject to wear, the semiconductor device is 
far more reliable. The transistor as a switch is smaller, quieter, more efficient 
electrically and costs less than a relay. A great advantage in electronic switch- 
ing is the speed of that operation. Operating time is reduced by a factor of 
more than 1000 when the transistor is compared with a mechanical device. 
Where applicable, then, it may be concluded that electronic switching pro- 
vides many advantages. 

A brief discussion regarding transistor orientation is always appropriate 
when new uses for the device are considered. If switching were to be accom- 
plished with a common-base oriented transistor, about as much input current 
(i) would be required as load current (i) to be controlled. With the com- 
mon-emitter configuration a small base current can control a much larger 
collector current, and because of this internal amplification this configuration 
is the most widely used in switching circuits. 

Limits. The common-emitter collector characteristics for a low-power 
transistor are illustrated in Fig. 11-2. A 2500-ohm load line has been drawn 
linking Eco = 15 volts with Ecc/Rr = 6 ma. Point A represents the upper 
limit of the OFF region and point B represents saturation or full ON. Switch 
ing as previously discussed could occur between these extremes and should 
base current assume values of 125 wa or greater to drive collector current to 
point B, the transistor would be called a saturating switch. A nonsaturating 
switch is one in which base current variations cause operation between the 
region of point A and a point such as C. C represents the ON condition, and 
is located somewhere in the active region of the characteristics. 

A saturating switch requires more base current “drive” and longer switch- 
ing time, but results in a much lower ON resistance than does the nonsaturat= 
ing type. With respect to collector dissipation the saturating type of switch 
has advantages. Both types exhibit low dissipation in the standby or OFF 
condition, but when ON the saturating switch has a much lower Vog-le@ 
product. Should the load line as shown in Fig. 11-2 cut across the maximume 
dissipation contour it is possible that the maximum allowable junction tem= 
perature of the transistor will not be exceeded, provided that the switchi 
time is fast. Therefore, because their average dissipation is low, switchin, 
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Fig. 11-2. Load line on collector characteristics with points of interest noted. 


transistors can handle much larger voltages and currents without exceeding 
the rated maximum dissipation. A nonsaturating switch with a load line 
intersecting the maximum-dissipation contour must be carefully designed in 
order not to exceed the junction temperature limit; the duty cycle and toler- 
ances must be accurately known. 

In order to investigate more clearly the transistor operated in a switching 
mode, the common-emitter input characteristics for a typical low-power unit 
are illustrated in Fig. 11-3. 

There are several possible OFF conditions for the common-emitter con- 
nected transistor, three of which are shown in Fig. 11-4. In (a) of the figure, 
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lig. 11-3. Input characteristics for a typical low-power transistor, common-emitter 
connected, 
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zero base-to-emitter voltage is available because of the obvious short circuit 
across the input terminal pair; the resulting collector current is often given 
the symbol Ic¢gs. When the base terminal is open, as in Fig. 11-4b, no base 


E BB 


(a) (b) (c) 


Fig. 11-4. OFF conditions for common-emitter connected transistor: (a) zero input 
voltage; (b) zero input current; (c) restraining input voltage. 


current can exist, and collector current is symbolized by the familiar Iczo. 
Collector current Ico is two or more times greater than Ic¢gs. A third method 
of turning OFF the transistor is by applying a restraining input voltage to 
reverse-bias the base-emitter diode. By choosing a suitable reverse bias the 
collector current can be most efficiently turned OFF; Ico, the inevitable leak-— 
age, is then the remaining collector current. 

To summarize switching states, it may be concluded that in the OFF con- 
dition transistor input and output resistances are high, small leakage currents 
are apparent, and collector voltage approaches the supply voltage Ecc. The 
saturated ON condition results in Ic & Ecc/Rx1, Vor = IcRcs <1 volt, 
and a fairly low input resistance, with several hundred millivolts needed to 
supply the input terminal pair with the several hundred microamperes of base 
current necessary for the saturation of low-power transistor. ’ 

Drive. A universal test for transistors used as switches is their response t 
a step input function. A step function Au(t) is a voltage or current that a’ 
t = 0 rises immediately and instantaneously from a value of zero to a value 
A and remains at that level afterwards. (A unit step function has a plateau 
value, A, of unity.) A plot of Au(é) is shown in Fig. 11-5a. Mathematically, 
if the step function does not start at ¢ = 0 but rather at some other time 4, 


Au(t) Au(t)- Au(t-ty) 





(a) 


Fig. 11-5. Step functions, 
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the function can be described by Au(t — t,). Should a rectangular pulse be 
considered that rises at t = 0, and falls at ¢ = 4, then an addition of the two 
functions u(t) and —u(t — t) can describe the pulse. Thus, for Fig. 11-5e, 
A[u(t) — u(t — t,)] describes the resultant function. 

Naturally, the ideal step function can only be approached in practice, for 
the ideal pulse, if described by a Fourier series, contains terms of frequencies 
to infinity. A device that would pass an ideal pulse must have an infinite 
frequency response. The transistor does not follow an ideal rectangular 
pulse, because of transit time and minority-carrier storage in its base. 

The base current produced by a given base-to-emitter voltage will vary 
because of production tolerances and consequently a constant current source 
is generally used to provide a controlled value of Jz in saturating switching 
circuits. 

Turn-on and Turn-off. Consider an ideal step function of voltage shown in 
Fig. 11-6a applied between base and emitter of an n-p-n transistor. The tran- 
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Fig. 11-6. Transistor step function response: (a) step of base voltage; (b) resulting 
base current; (c) resulting collector current. 


sistor was in the OFF condition and the pulse is turning it ON. Base current 
is immediately evident, as in (b) of the figure, but collector current does not 
instantaneously respond. Electrons from the emitter must travel across the 
p-type base, and a finite time is required for their travel. This time is shown 
in (c) of the diagram as “turn-on delay.’’ Electrons arriving at the collector 
travel by various paths; some paths are longer than others and consequently 
a finite time is again required before normal operation is achieved. This 
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effect, wherein faster electrons traveling shorter paths arrive at their destina- 
tion ahead of the less energetic and dispersed carriers, is referred to in the 
diagram as “turn-on transition.” Delay time is generally measured from the 
beginning of the input pulse to the 10% point on the output waveform. 
Transition or rise time has, for its limits, the 10% and 90% marks. 

When the transistor is driven into saturation, the collector junction is for- 
ward-biased, and the collector then emits electrons into the base (for n-p-n). 
This causes an excess of minority carriers in the base region. A saturated 
transistor cannot be effectively turned OFF until this “stored base charge” 
is reduced. Therefore the high current level in the collector is supported by 
this charge during the time interval immediately after the OFF command is 
given to the input terminals. Minority-carrier storage effect is the name given 
to the “turn-off delay” encountered. The “turn-off transition” results from 
different velocities and path lengths that affect the arrival time of the last 
electrons to reach the collector. Note that the base current suffers a reversal 
in direction when the base-driving voltage is removed; stored charge accounts 
for this base current. 

To measure stored base charge a voltage pulse is applied to a circuit such 
as Fig. 11-7. If the pulse saturates the transistor, and the output (Vee) Wave- 

+Eoo 


R, 


| 
| 





Fig. 11-7. Turn-off of a transistor with a voltage pulse. A speed-up capacitor is 
included, and ideal v,, is shown. 


form is observed for various test values of C, a “clean” or best turn-off will be 
observed with a particular value of C. In this instance clean means that Voq 
will be straight-sided. The amount of stored base charge is then given by 


Q; = CVr . 
The capacitor, C, is often referred to as a “speed-up” capacitor. In circuit 
design, knowledge of Q, from given data or from a test such as just described 


can be combined with information concerning the voltage amplitude of the 
pulse and base current required for saturation ([p’’). Then R can be deter= 


mined from Vi 
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It is of course desirable to minimize the total time required for a switching 
operation to be performed. Turn-on delay may be reduced by driving the 
base with a high current, for this provides a greater number of available 
carriers in that region. The rise time, t,, is dependent in part upon the fre- 
quency response characteristics of the device, but can be reduced by applica- 
tion of transient circuit theory. 

A speed-up in the switching time required to turn a transistor ON (¢,) can 
be accomplished by overdriving, supplying the base with a current pulse of 
sufficient amplitude to drive the transistor deep into saturation, rather than 
just to Eec/Rzy. Transistor performance can be approximated by the dif- 
ferential equations given in Problem 11-5 and derived in Problem 11-6, 


namely 
di. : ; 
dt + Waele = BoWaetd. (11-1) 


The solution of Eq. (11-1), for a step function base current of Ag, is 
te = BoAg(1 — €*/7) (11-2) 


with the time constant T equal to 1/wae. This expression predicts an exponen- 
tial rise in collector current with time, as would be found in the current re- 
sponse of a series R-L circuit to a suddenly applied direct potential. 

The time constant is the value of ¢ that causes the exponential term to 
assume the form e~', and represents the time required for 63.2% of the total 
transient change to occur. It would appear that a speed-up in 7, could be 
accomplished only by a reduction in 7’; however, it is to be remembered 
that we are dealing with a quantity, 7., that will enter the saturation region 
of the collector characteristics, and saturation will end the transient, for col- 
lector current can be no larger than its saturated value. Consequently, to 
speed-up switching times we wish to ; 
get to saturation as rapidly as possible. 


Fig. 11-8 shows the collector- iia | 
current response to three input pulses. f 
The A curve rises to a value of / pcre 
Ecc/Rrt, or just to saturation. | aw ie 
ye @) 3Eco/Ry, 





Curves B and C would rise (dotted Saturation) / 
lines) to twice and thrice the satura- : 
tion collector current respectively 
were it not for saturation which pre- 
vents their complete rise. It is obvi- 
ous from examination of the figure ooh | t 
that curve C has the shortest tran- r= | 

‘ohasendiaes (ts), and curve A has the ig, 11-8, Collector-current response to 

‘ input pulses, 
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Although the transition times are measured from 10% of the final value 
of the changing quantity to 90% of the final value; the regular network theory 
rules also apply here—95% of the total change occurs in time equal to three 
time constants and the transient is over in four time constants, for 98% of 
the total change has then occurred. 

When turning OFF a transistor that has been in the ON state, the base 
region must be swept clean of minority carriers before collector current can 
cease. The turn-off period (t;) is characterized by the same parameters as 
dictated turn-on, except that an initial collector current is apparent, which 
shall be designated as Ic’. If we consider that 7, will fall to zero, then 


te = Ic'(e~#!*). (11-3) 
But if a base-current drive is to be used to reduce the time required to reach 
a ip = Ic'e/T — 6,An(1 — €¥7) (11-4) 


more clearly describes the process. Just as overdriving can speed up the 
turn-on operation, so it can also be used, in the opposite sense, to turn off a 
transistor quickly. 

Overdriving, when used to saturate or cut off a transistor, may tend to cause 
a higher input-junction dissipation than is apparent for normal operation, 
and consideration must often be given to this additional power conversion. 
An ideal base-current waveform for fast turn-on and turn-off is shown in 
Fig. 11-9. This waveform results in a speed-up of the drive into saturation, 
levels off at a value just necessary for saturation so that storage effects will 
be minimized, and overdrives into the cutoff region when shutoff is required. 

A waveform approaching this ideal can be achieved when the speed-up 


capacitor previously discussed is incorporated into the input circuit of a switch- — 


ing transistor. If, again as in Fig. 11-9, the saturated base-current level is 
designated as Iz’’ and the entire pulse height as Jy’, then it is desired that the 
overdrive, represented by Ip’ — Ip’, be supplied by the capacitive branch 
during the transient. The duration of time, designated as ¢,, during which an 
overdrive is required need only be as long as is necessary for the collector cur- 
rent to reach saturation. 

Consider the circuit of Fig. 11-10. What appears to be base bias, namely 
the Ezz — Re» branch, also seems at first glance to be backwards, for Epp is 
a negative potential and the circuit uses an n-p-n transistor. The function of 
Epp and Rg is to provide a base bias at cutoff; that is, to reverse-bias the input 
junction. This reverse bias on the emitter-base diode will allow only Ico as 
the collector current. 

Now, turning our attention to the C-R branch, we recall that the instan- 
taneous current through a capacitor is given by 


dv 
at 


(i= 
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Fig. 11-9. Ideal base-current drive for a 


Fig. 11-10. Switching circuit. 
saturating switch. 


For the present problem the increment of voltage is Vz; the signal is going to 
change from 0 to +Vy; volts. The desired capacitive current, as previously 
stated, amounts to Ig’ — I,’’, and if the switching time increment necessary 
and desired is designated as t, then the capacitance may be determined from 


_ Ua’ — Ia" \to 
Vy 


C (11-5) 


A numerical example may be of assistance. Suppose that V; is to step 
between 0 and +10 volts and a one microsecond rise and fall time is allowed 
for Ue. The transistor used has a 2500-ohm load, Ecg = 15 volts and there- 
fore the saturation collector current is 6 ma. The worst leakage current (Ico) 
to be expected is 40 wa. . Available Egg = 5 volts, and consider that Figs. 
11-2 and 11-3 apply. 

For the same circuit, namely that of Fig. 11-10, R2 may be calculated 
from Egg/Ico = 5/40 X 10~® = 125,000 ohms. To drive the transistor rep- 
resented by the average curve (Fig. 11-2) just into saturation requires 125 ya 
of base current, so Ig” = 125 wa. From Fig. 11-3, the Vgz drop, is found to 
be, for Vez = 0, about 0.1 volt. Therefore, to determine R 


V;-0.1 9.9 


= Gs! & Los aie = ies x 10-8 10 = 60,000 ohms. 


The reason that the denominator of the above fraction takes on the form 
shown is clear when one realizes that base current, for the turn-on operation, 
starts at —Ico and must rise to +J ’’, therefore its total excursion is Ip’’ 
+ Ico. 

Because the capacitor should handle a current pulse considerably greater 
than the saturation requirement, and because one microsecond has been 
allotted as the rise time for this example, a transient study can be made to 
determine the base-current overdrive needed to reach collector-current satu- 
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ration in one microsecond. For a transistor with f,, = 5 me, from Eq. 
(11-2), 


—-6 
6 xX 10% = 50Aa| 1 _ <- Gras BoE XTRA ], 
so 
Ap = 257 pa. 


Because the resistive branch will supply the base with the plateau value of 
125 ya, the remaining 132 ya must come thru C: 
10 
10~-* 
So C = 13.2 ppf is the required value for the speed-up capacitor. 

A nonsaturated switch with its ON levels in the active region of the collector 
characteristics can provide faster operation because storage time, ts, will be 
extremely short. Many circuits have been proposed to “clamp”’ collector 
voltage at an unsaturated value. The reader is referred to the literature. 

11-2. Pulse Amplifiers. It is naturally necessary that amplifying devices 
for pulse waveforms be available. Such amplifiers must have a very wide 
bandwidth if the pulse is to be passed without the introduction of a great 
deal of distortion. Video amplifiers briefly discussed in Chapter 9 have simi- 
lar specifications. 

As an example of a successful pulse amplifier, “NBS Preferred Circuit No. 
201”? has been chosen. This circuit, one of the first “preferred” transistor 
circuits, is part of the nationwide program inaugurated by the U.S. Navy 
Bureau of Aeronautics in conjunction with the National Bureau of Standards 


132 x 10° = C 





to list proved electronics circuits for the help of circuit designers, equipment f 
manufacturers, and the military services. The objectives of the preferred — 


circuits program are to conserve engineering manpower, simplify mainte- 


nance, provide greater operational reliability, lower inventories and original — 
equipment prices, and to provide for faster production of complex electronic — 


equipment. 

NBS Preferred Circuit No. 201, Silicon Transistor Video Amplifier, is a 
two-stage circuit employing feedback from the collector of stage two to the 
emitter of stage one. Appendix III contains a complete description of the 
circuit, its specifications, and operational characteristics. Typical perform- 
ance is discussed for several values of the feedback resistor located in the 
emitter leg of the first transistor. It is obvious from the information given 
that more feedback results in lowered gain, higher input resistance, lower 
output resistance, greater input-signal amplitude handling capacity, faster 
rise time and less droop (greater bandwidth), and increased insensitivity to 
temperature, transistor parameter variations, etc. 

Frequency response information for the pulse amplifier is not offered in the 
description given, but transient response is available, A rule for converting 
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step-function response to frequency response has been given ® and pertains to 
low-pass amplifiers (as opposed to band-pass amplifiers) without excessive 
overshoot. Denoting 7 as the 10% to 90% rise time of the step function 
response, and (BW) as the 3-db bandwidth, then 


T(BW) = 0.35 to 0.45. (11-6) 


The 0.35 value is used for overshoots of less than 5%. 

Problem 11-15 contains additional information regarding this circuit. An- 
other type of pulse amplifier will be considered under the monostable multi- 
vibrator heading, which follows. 

11-3. Multivibrators. The multivibrator circuit is important from both a 
classical and a practical point of view. Three classes of multivibrators are 
common: The astable or free-running circuit is a square-wave oscillator; the 
monostable or one-shot circuit is useful as a regenerative pulse amplifier, and 
the bistable or flip-flop can store information. The term “multivibrator’” sug- 
gests the abundance of harmonics present in the associated nonsinusoidal 
waveshapes. 

Astable. The astable circuit is an oscillator in the sense that it exhibits 
characteristics similar to oscillators as set forth in the earlier discussion of 
Chapter 10, namely that a time-varying waveform is generated although no 
input other than the d-c supply is necessary, and that feedback is evident. 
In one aspect it differs from a true oscillator. The circuit possesses two con- 
ditions of stable equilibrium, and generally the active element switches from 
its conducting to its non-conducting state and vice versa because of a timing 
transient determined by external circuit elements. Thus a particular tran- 
sistor in an astable multivibrator is OFF part of the time and ON during the 
remainder of its period. Although its ON period may be a saturated or un- 
saturated condition, it will be assumed in the discussion of this chapter that 
a saturating switch will always be considered because saturation provides cer- 
tain advantages. 

A typical astable multivibrator circuit is shown in ie: 11-11. Ecc is 
available to the transistor collectors 
through R.; and R.2, and Ege. sup- 
plies the bases through R2; and Reo, 
although the bases could utilize the 
collector supply if conditions so war- 
rant. Capacitor C, joins the col- 
lector of 7’R1 with the base of TR2, 
so it is through this element that the 
signal will come to change the state 
of TR2. The circuit is symmetrical 
with Cy joining the 72 collector to pig, 11-11, Sample astable multi- 
the 771 base, vibrator, — 





OtE pp 
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If the transistors are to be operated between saturation and cutoff, then 
the aforementioned simplified conditions prevail. Repeated here, for a satu- 
rated n-p-n transistor, 5 eo 


v%=+ 


Ue = Ecc/Re 
and for a cutoff unit 
ve & Eco 


v= 
1p =0 


Operation is dictated by the fact. that the charge on a capacitor and hence 
the voltage across its plates cannot change instantaneously. Each capacitor 
in the figure is tied to points in the circuit where the potential will vary be- 
tween wide limits when switching states change. Although only positive 
direct voltages are supplied to this circuit, the switching action will actually 
result in voltages that are negative with respect to ground. 

When supply voltage is initially applied, currents flow in the various cir- 
cuit branches and the capacitors build up charge. Because the two halves of 
the circuit are similar, currents will be alike at first, but even the slightest 


unbalance will result in a cumulative difference in the two collector currents, . 


This unbalance, no matter how slight, will result in the saturation of one 
transistor and cutoff of the other. The starting requirements are, therefore, 
that a dissymmetry exist—this is unescapable—and that the other conditions 
to be presently introduced be satisfied. 

To analyze the operation of switching circuits such as the astable multi- 


vibrator, simplified circuit diagrams of the Fig. 11-12 type give an indication — 


of the ultimate capacitor potentials if the circuit would allow complete buildup 
to take place. From (a) and (ce) of the figure it can be noted that C; would 
tend to go through an excursion of Ego + Egg for with TR1 ON it will try 
to charge to Eg z volts, positive on the right, and with TR1 OFF it will try 
to charge to the Ecc potential magnitude, positive on the left. Actually, 


from (a) of the figure, C, will not charge up to Egg, for when the voltage on 


be gets slightly positive, switching occurs. 

If the time constants RC, and R,2C'2 are made short (compared with the 
firing time constants Ry2C; and RC.2), collector potentials v. and %2 will 
reach their ultimate or steady-state values rapidly, and therefore collector 
potentials during the OFF periods can be described by a simple exponential 
expression obtained from Fig. 11-12 (a) and (c). For example 


va = Eco(l — 7/7) (11-7) 
with 
Ty = RoC. 





PULSE CIRCUITS 


+E cc 
Re 
Cy C, 
| b, “——> Cs 
TRi0n «69 Fz TR2 Off 
+Epp 
(a) (b) 
+ 
Ecc 
R 
cl C Cy 
7 ake by 14 
Roy 7 
TR1 Off TR2 On 
+Epp 


(c) 
(d) 
Fig. 11-12. Portions of Figure 11-11 used for analysis. 


This expression assumes that collector voltage is zero during the ON or satu- 
rated condition. 

At the instant that TR1 is turned ON by the voltage on its base terminal, 
the capacitor C; holds accumulated charge which is positive on its left hand 
or cy terminal because of its previous history; but that terminal is switched 
to approximately ground potential when 7'R1 is turned ON , and bg, which is 
directly attached to the other terminal of the capacitor, must become — Ecc 
volts with respect to ground potential because of the switching just described. 
For an expression for the voltage on be, with this initial condition included, 
we have 

Yee = (Exp + Ecc) (1 — e~/™) — Ego, (11-8) 
where 
T» = RoC. 


This transient never reaches the ultimate value mathematically predicted 
because when v2 becomes but slightly positive the transistor saturates. 
If we set Eq. (11-8) for v2 equal to zero and solve for the time period (7) 


necessary for that voltage to build up to zero and hence turn ON transistor 
No. 2, we find 


0 = (Ege + Ecc) (1 — €T!™) — Ego, 


Epp 
Ta = —T2In (,—“-) 11- 
f Exes + Eoc (1-9) 


This, then, is the OFF period for T'R1, Expressions for the other transistor 


so 
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are similar, with 73 = Reo and 
Ts = RaC2 


veg = Ecc(1 — «—/7?) 


vo. = (Epp + Ecc) (1 — €~!"*) — Eco 


T= —TyIn [= -} (11-10) 
Exp + Ecc 
The frequency of oscillation is given by 
1 
I 74h 


It is obvious from this discussion 
that the designer is free to control 
the duration of each half cycle, and 
has good control over the frequency 
of oscillation. He must also select 
component sizes to assure transistor 
saturation and to control performance 
by external elements rather than 
transistor reactances. 

Monostable. The monostable mul- 
tivibrator circuit, when triggered 
by a small pulse, generates a larger 
pulse, the width of which is under 
the control of the circuit designer. 

In the monostable circuit of Fig. 
11-14 transistor TR1 is biased so 
Fig. 11-13. Waveforms for the astable that its collector current is in satura- 

multivibrator. tion, and 7'R2 is biased normally at 

cutoff. A negative-going pulse on the 

base of 7'R1 will turn OFF that transistor, and an interesting sequence of 
circuit activity follows. 

Because the capacitor C determines the timing of the operation it will be 
studied in detail with the aid of Fig. 11-15. In part (a) of that figure, the 
simplified circuit is shown with TR2 OFF and TR1 ON. It can be seen that 
C will charge through R,2 to Ecc, positive on the right. When 7'R1 is turned 
OFF by the incoming pulse, T7R2 turns ON because of the change in 7'R1 
collector voltage, and the circuit with C in it switches to the form of Fig. 
11-15b. Consequently, 7R1 will remain OFF until the capacitor loses its 
charge and b, goes slightly positive. An equation describing the performance 
of this portion of the monostable multivibrator can be written from observa- 
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Fig. 11-14. Sample monostable multivibrator. 


tion by noting that the capacitor potential starts at Ecc and would eventually 
charge to Ecc of the opposite polarity if it were not for switching occurring 
when vy goes positive. Therefore 


0m = 2Ecc(1 — €~/7!) — Ecc, (1) 
with 
T; — RoC. 


This transient never reaches its ultimate predicted by Eq. (11-11) because 
TR1 saturates when v,; reaches a slightly positive value. 

The sequence of operation will now be summarized. An externally gen- 
erated pulse, applied to the base of the ON transistor turns T7R1 OFF and 
TR2ON. TR2 remains ON during the time interval determined by the dis- 
charge of capacitor C. TF1 is then switched ON and 7'R2 returns to the OFF 
state (Problem 11-21). 

Bistable. The basic multivibrator circuit of the preceding discussion can 
be altered to provide us with a circuit with two stable states, capable of re- 
maining in either state indefinitely until triggered by an external signal. The 
circuit that exhibits this type of operation has been given the name of bistable 
multivibrator but is more commonly known as a flip-flop. This sort of opera- 


Ecc Ecc 


C Rea Roy Cc 


an TR2 Off TR2 On aN 


Vig. 11-15. Simplified version of Fig. 11-14 showing timing circuitry, 
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tion indicates that the flip-flop has a memory—it will remember the last sig- 
nal received until another signal is forthcoming. 

One form of the bistable multivibrator is the emitter-coupled circuit of 
Fig. 11-16. Capacitors are for speed-up and not for timing. Input signals 
are fed to the transistor bases in this diagram and outputs are taken at the 
collectors. 


Output 


Input 





Fig. 11-16. Typical bistable multivibrator. 


If it is assumed that 71 is conducting and TR2 cutoff, then the base bias 


for the conducting transistor is provided by the divider action of resistors 
Reo, Ro, and Rs; on Ecc. TR1 may or may not be saturated by this bias 
circuit, which effectively provides a base-to-emitter potential of Vgi — Vay} 
the latter voltage, V;, is equal to In, Re. 


The OFF transistor stays in that state because its base-to-emitter potential - 


is essentially . 
32 


Roe + R32 


This results, for practical component values, in the input junction being 
reverse-biased. 

Assume that a signal pulse of positive polarity and of sufficient amplitude 
and width is supplied to the base of the OFF transistor. It immediately turns 


(Von + Ver) 


Vai. 


ON, lowering its collector voltage because of the I¢2Rc2 drop. When Veg 


does decrease, the biasing that originally dictated that 7’R1 be ON is no 
nonexistent, and 7'R1 must switch to an OFF condition, to be held OFF 
TnoRe. 
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The output waveshape obtained from either collector will be a constant 
potential with a magnitude of nearly Ecc at certain times, and of approxi- 
mately IzR, at other times, depending upon the history of supplied pulses. 


PROBLEMS 


11-1. Compare the junction transistor with the triode vacuum tube as a 
simple switch. 

11-2. A power transistor with a spread in Hpg of 30 to 100 is to be used as 
a saturating switch. Rcg has a spread of 0.1 to 0.3 ohm. If the load re- 
sistance is 5 ohms, Ecc is 10 volts, and the switching circuit is designed for 
a constant base current drive, calculate the minimum base current necessary 
to cause saturation. 

11-3. A saturating transistor switch has a cutoff at Voz = 20 volts and 
Ico = 10 wa and saturation at Vez = 1 volt and Jc = 20 ma. Allow 10% 
for losses in the base circuit. 

(a) Compute the OFF dissipation. 

(b) Compute the ON dissipation. 

(c) If the duty cycle is 0.5 millisecond ON and 1.0 OFF, and the switching 
time is 10 microseconds, compute the average rate of dissipation. 

11-4. For the transistor whose collector characteristics are depicted in Fig. 
11-2, with the load line as drawn, it is required that a switching circuit be 
designed to handle an ideal input voltage pulse of 5 volts. The circuit of Fig. 
11-7 will be used. 

(a) Determine RF for a saturation base current of 400 ua. Use Fig. 11-3 
to estimate the transistor input resistance. 

(b) The stored base charge is known to be 750 yu-coulombs. Find C. 

11-5. The differential equation for common-base operation is given as 

die : , 
— + able = WabQole, 
dt 

and for common-emitter operation as 


di. : ; 
— + Waele = WaeBotd. 


dt 
(a) Derive the equation for 7, of a common-base connected transistor sub- 
jected to a step-input disturbance (7, = Aj). 
(b) Derive the equation for 7, of common-emitter connected transistor 
subjected to a step-input disturbance (i, = Ag). 
(c) Should 4; = Ag, show that the initial rate of rise of i, (di,/dt at t = 0) 
for each of the above connections may be expressed by the same relationship, 
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11-6. The differential equations of the preceding problem may be derived 
from the knowledge that 
Qo 
a = ————— 
1 + jo/ Wab 
and 
te 


a — . 
Ve 
Make use of the Laplace transform, recalling that s = jw = d/dt, to derive 


the two equations referred to. 
11-7. For typical transient of the form 


i= K(1— eT) 


with T the time constant, and K the steady-state value of the quantity 1, 
make a listing of the percentage of total change occurring in times of 7/2, T, 
2T, 37, 4T, and 5T. 

11-8. From your solution to problem 11-5, and considering a common- 
emitter connected transistor with f., = 5 me, and 8, = 50, make a plot of 
i, vs. t for values of t from 0 to 57. Consider Ag equal to one milliampere. 

11-9. Compare the time required for an exponential transient to build up 
from 10% of its final value to 90% of that value with the time required for 
0 to 90% and 0 to 95%. Express your results in terms of the circuit time 
constant T. 

11-10. Derive a mathematical expression for a current transient that rises 
from zero to a value of J,, a value somewhat lower than its steady-state value, 
I,s, and then remains at J, for all values of time after t,. The expression will 
explain the saturating curves of Fig. 11-8. 


11-11. Fig. 11-2 and 11-3 apply to a transistor to be used in the circuit — 


of Fig. 11-10. A voltage pulse of 5 volts will trigger the circuit, which has 


Rr = 2000 ohms, Ecc = 10 volts, and Egg = 10 volts. It is possible that — 


with temperature variations Ico will reach 50 ua. Determine R, Re, and C 
for a turn-on time of 0.5 wsec. Consider fa, to equal 4 me. 


11-12. If the turn-on time specification listed in problem 11-11 was — 


tightened to become 0.4 usec, which circuit elements need be changed, and 
what new values must they take on? 

11-13. Consider that the resistors and capacitors used in the circuit of 
problem 11-11 have a tolerance of +10%, of their nominal value, and Hpg 
can vary -+-20% from unit-to-unit. Discuss the operation of this circuit by 
considering the poorest operation that may be encountered. 

11-14. Using 0.35 in Eq. (11-6), calculate the approximate bandwidth for 


the “NBS Preferred Circuit No. 201” for various values of R5 at 25° C and 


150°C. Consider the rise times listed as 10% to 90% values, 
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11-15. The stabilization ratio referred to in Appendix III is defined as 


0I¢/dIco (for the stabilized circuit) 
0Ic¢/dIco (for the unstabilized transistor) 


The numerator of the fraction may be represented by S, as in Chapter 3, and 
the denominator by 8+ 1. Stabilization ratio as defined here approaches 
unity for a highly stable circuit and approaches zero for an unstabilized cir- 
cuit. Show that when Eq. (8-17a) is used in the above expression, the 
stabilization ratio quoted in Appendix III results. 

11-16. Redraw the astable multivibrator circuit of Fig. 11-11 as a two- 
stage feedback amplifier. 

11-17. An astable multivibrator of the form of Fig. 11-11 is to be designed 
to generate a 400 cps waveform -with symmetrical half periods. Eoco = Epp 
= 10 volts. Determine the values of all circuit elements in your design. 

11-18. What effect would a +20% tolerance on the nominal values of all 
passive circuit elements have upon the frequency of oscillation of the circuit 
designed in Problem 11-17? 

11-19. What effect would a +10% variation in Ecco and Egg have upon 
the frequency of oscillation of the circuit designed in Problem 11-17? 

11-20. Instead of considering that collector current in the OFF state is 
zero, consider it to be Ico, and consider base voltage and collector voltage 
for saturated ON periods to be Vaz’ and Voy’ rather than zero. Derive equa- 
tions that include Ico, Vcz’, and Vgz’ to predict the effect of these quantities 
upon the frequency of oscillation of the circuit of Problem 11-17. If these 
quantities have values of 10 ya, 0.2 volt, and 0.2 volt respectively, predict 
the frequency of oscillation. 

11-21. For a monostable multivibrator of the Fig. 11-14 form, draw the 
portion of the circuit that affects the turn-on and turn-off of TR2 and de- 
scribe the cause of this switching. 
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Appendix I 





SELECTED TRANSISTOR DATA 








The following pages contain data as supplied by the various manufacturers 


on five commercial transistor types. This information is useful in solving the 
end-of-chapter problems. It can be noted that some of the symbols and con- 
ventions used here differ among manufacturers and differ from those of the 
text. 


The types selected are: 


2N43 Germanium general purpose, p-n-p, junction 
2N344 Germanium, high frequency, p-n-p, surface barrier 
2N414 Germanium, high frequency, p-n-p, junction 
2N475 Silicon, general purpose, n-p-n, junction 

2N539 Germanium, power, p-n-p, junction 


826 
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GENERAL ELECTRIC TYPE 2N43 P-N-P GERMANIUM 
JUNCTION TRANSISTOR 


The General Electric Type 2N48 alloy junction triode transistor is a p-n-p 
unit particularly recommended for low- to medium-power applications. A 
hernetic enclosure is provided by the use of glass-to-metal seals and welded 
seans. 


ABSOLUTE MAXIMUM RATINGS (25° C) 


Voltages 
Collector to Base Vcs —45 volts 
Collector to Emitter Vcr —30 volts 
Emitter to Base Ves —5 volts 
Collector Current Ic —300 ma 
Temperatures 
Storage Tsta Max. +100° C Min. —65° C 
Operating Junction Ty Max. +85° C 
Total Transistor Dissipation Pay (See note 1) 


ELECTRICAL CHARACTERISTICS (25° C) 


Smal Signal Characteristics 
(Unless otherwise specified; 
Vc = —5v common base; 
Ig = 1 ma; f = 270 eps.) 
Design 
Min. Center Maz. 
Output Admittance 
(Input A-C open circuited) hop 0.1 0.8 1.5 ymhos 
Forvard Current Transfer Ratio 
(Common Emitter; Output A-C 


short circuited) hfe 30 42 66 

Input Impedance 

(Cutput A-C short circuited) hip 25 29 35 ohms 
Reverse Voltage Transfer Ratio 

(Iaput A-C open circuited) hyp 1 5 15 1074 
Output Capacity 

(f= 1 me; input A-C open 

clicuited) Cob 20 40 60 = uf 
Nois Figure 

(f= 1 ke; BW = 1 cycle) NF 6 20 = db 
Frecuency Cut-off fob 0.5 1.3 3.5 me 
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Design 


Min. Center Maz. 

D-c Characteristics 

Forward Current Gain, Common 
Emitter Ic/In 


(Voz = —lv;Ic = —20ma) herr 34 53 65 

(Vcz = —lv;Ic = —100ma) hrg 30 48 
Collector Saturation Voltage pee (SAT) 65 90 130 =mv 

(Ic = —20ma;Ipasindicated) | @Iz = 2 2 2 ma 
Base Input Voltage, Common 

Emitter 

(Vcz = —lv;Ic = —20ma) Var —180 — 230 — 280 mv 
Collector Cutoff Current 

(Vcso = —45 v) Ico —8 —16  wamps 


Emitter Cutoff Current 

(Veso = —5 v) Tro —4 —10 pvamps 
Collector to Emitter Voltage 

(Raz = 10 K ohms; Ic = 

—0.6 ma) Vcrr —30 volts 
Punch-through Voltage Ver —30 volts 


Thermal Resistance (k) 
Junction Temperature Rise/Total Transistor Dissipation; 
Free Air (Note 2) 0.25 °C/mw 
Infinite Heat Sink 0.11 °C/mw 
Clip-on Heat Sink in Free Air 
(Note 2) (0.95 sq. in. radiat- 
ing surface) 0.20 °C/mw 


Note #1. The transistor power dissipation is limited by the operating junction 
temperature. In a properly stabilized circuit, the permissible maximum operating 
junction temperature is 85°C. The method for computing the operating junction 
temperature is: 

Ts = Tat+kPav 


The method for computing the maximum allowable transistor power dissipation is: 


where 7’; = Operating Junction Temperature in °C 
Ta = Operating Ambient Temperature in °C 
Pay = Transistor Power Dissipation in mw 
k = Thermal Resistance in °C/mw 


Note #2. Free air means unrestricted air flow around the transistor. 
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PHILCO TYPE 2N344 GERMANIUM SURFACE BARRIER 
TRANSISTOR 


The 2N344 is a germanium surface barrier transistor intended for general 
purpose high-frequency applications. This transistor type can be used as 
RF, IF, and video amplifiers, converters, oscillators and in switching circuits. 
For general high-frequency use the 2N344 provides a transistor for any pur- 
pose requiring a narrow beta range. Other features are long flexible leads for 
easy insertion into the circuit and a true hermetic seal. The polarities of the 
emitter and collector voltages are similar to those of p-n-p junction transistors, 


ABSOLUTE MAXIMUM RATINGS (NOTE #1) 


Storage Temperature (Note #2)........0. 0.0... c cece cece uee 85° C 
Junction Temperature..........0.0. 0000 cece cece cence eeees 55° C 

Junction Temperature Rise (free air)................ 0.75° C/mw 
Collector Voltage, Vos or Vor (Note #3)................. —5 volts 
Collector Current, Ic... 0... ccc ccc ccc cece eee eeeaees —5 ma 
Collector Dissipation at 40°C.........0.0. 00. e cece eee eas 20 mw 
Lead Temperature, at y5” + ;” from’case..... 230° + 5° for 10 sec 


ELECTRICAL CHARACTERISTICS 
Static Characteristics 


(T = 25°C) 


Collector Cutoff Current, Icno (Vop = —5vV).... ccc ccc eee es 3 pa 
Emitter Cutoff Current, Inno (Ven = —5v).......... ceca ee 3 ya 
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Small Signal Parameters 
(Vc = —3.0 V, Ic = —0.5 ma, T = 25° C) 


Max 

Input Resistance, hip... 6.0.0... cece cee eee ees 100 ohms 
Output Conductance, hop... 6... cece ete eens 5 umhos 
Extrinsic Base Resistance 

Collector Capacitance 

Produits hp. Cg oa 2 oa, hth G6 94 Goancedte yeah Dahle oh ea bees 1200 usec 
Output Capacitance, Cob..... ccc ccc ccc ccc cece eee eee eens 6 pt 

Min. Typ. Max. 

Current Amplification Factor, hg......... Il 33 
Maximum Frequency of Oscillation, fo; max 30 50 me 


NOTES 


1. The maximum ratings are limiting absolute values above which the serviceability 
may be impaired from the viewpoint of life or satisfactory performance. 

2. For maximum reliability storage at temperatures above 55° C is not recommended 
for extended periods of time. 

3. In surface barrier transistors the maximum collector voltage is limited by the 
punch through phenomenon. 


DIMENSIONAL OUTLINE AND 
TYPICAL COLLECTOR MECHANICAL SPECIFICATIONS 


CHARACTERISTIC “ 
T=25°C ibe. | tae 


GROUNDED EMITTER Y : 
300" 
g Max. 





4 























z 
25] 
: =o ATS" 
Max. Red 
2 line 
ic -4 
: 
Ps ~2 Pin circle 
= dts, 
5 070" 
rs 


MECHANICAL DATA 

Tinned Lead Diameter .016 Inch 

Base E3-34 

Lead Orientation-Red Line adjacent to lead#1 
Lead#1 Coll 

0 -1 -2 3 ay —5 ad ts oo lector 


Lead#2 
COLLECTOR VOLTAGE, VogIN VOLTS Leadi3 Emitter 
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RAYTHEON TYPE 2N414 P-N-P GERMANIUM JUNCTION 
TRANSISTOR 


The 2N414 is a medium gain PNP fusion alloy junction transistor especially 
intended for high frequency amplifier applications up to 8 megacycles. This 
transistor features rigid processing control to insure reliability and stability 
of electrical characteristics. Reliable hermetic sealing is assured by use of a 
welded package. 


TYPICAL INPUT CHARACTERISTIC 
GROUNDED EMITTER 


: 








MECHANICAL DATA 
Case: Metal 
Base: Metal with glass eyelets. 0.017” silver plated flexible leads. 
Length: 1.5” min. Spacing: 90° on 0.200” circle diameter. 
Terminal Connections: 
Lead 1 Emitter 
Lead 2 Base 
Lead 3 Collector 
Mounting Position: Any 





BASE VOLTAGE Vgg IN VOLTS 
bog 
iw} wo 


























0 -1 —2 —3 
BASE CURRENT, Ip IN MILLIAMPERES 


ELECTRICAL DATA 
Absolute Maximum Ratings: 




































































Collector to Base Voltage (Emitter Open) — 30 volts 
Emitter to Base Voltage (Collector Open) —20 volts 
Collector to Emitter Voltage (Base Open) —15 volts 
Collector to Emitter Voltage (Vaz = +0.1 volt) —20 volts 
1000 DC Collector Current —200 ma 
800 Peak Collector Current —400 ma 
600 |_| Dissipation Coefficient (in air) Ka* 0.4 °C/mw 
88 400 ee Dissipation Coefficient (in sink) Ks* 0.18 °C/mw 
BS Vo =-30 ee ee Junction Temperature (Operating or Storage) —65 to +85 °C 
8 T =25°C Lead Temperature (at 7,” + 3/5” from case) 240 °C for 10 seconds 
iB E 200 ae Characteristics: @25° C (Vcz = —6 V, Ig = 1 ma, f = 1 Ke, except as noted) 
E : 100 Design Values 
33 80 Parameter Sym. Conditions Min. Avg. Mar. Units 
B : = Collector Cutoff Current Ico  Vcap=—-12V_ .... —20 —5.0 wa 
El I 40 Emitter Cutoff Current Izo Ven = —12V.... -—2.0 -—5.0 wa 
: Input Impedance hib eee) .... ohms 
Piet ge Base Current Gain hfe Vcr =-6V_.... 60 Sahtie > dks 
Voltage Feedback Ratio hrb ees 05 .... X10 
10 Output Admittance hob dee 0.62 .... mwmhos 
~02 -04-.06 -10 -2 -—4-6 -10 -2  —4 -6-8-10 a eo Frequency ae pr aie st oe a snes 7 
COLLECTOR CURRENT, J ILLIAM ollector Capacitance fe) = Cc meee wae) fe 
cae fig Extrinsic Base Resistance rb” f= 2Me sense 55 .... ohms 
Noise Figure N.F. Vor =-6V_.... 6 ine DB 
f = 1.5 Me 
Power Gain Gp Vor=-—6V_.... 16 ocak eee 
f = 1.5 Mec 


“Maximum allowable total transistor power dissipation at any ambient temperature is 
given by the relation: P » (Max. 7'j.— 7'a)/K where 7) is junction temperature, 7'a is 
ambient temperature and K is the dissipation coefficient, 
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COLLECTOR CHARACTERISTICS 


(Grounded Emitter) 
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h CHARACTERISTICS - RELATIVE 








COMMON BASE h PARAMETERS Vs. 


TEMPERATURE (T;) 
Conditions: 
Ie=1ma. 


JUNCTION TEMPERATURE (°C) 
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COMMON BASE h PARAMETERS 
Vs. EMITTER CURRENT 
Conditions: 
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Vce=—6v 
Ambient Temperature =25°C 
_— hil 














EMITTER CURRENT - MILLIAMPERES 





Conditions: 


| 








Ie= 1ma. 











COMMON BASE h PARAMETERS 
Vs. COLLECTOR VOLTAGE 





Ambient Temperature =25°C 
=hib 



























—2.0 —3.0 

















—4.0 —5.0 
COLLECTOR VOLTAGE - VOLTS 





—6.0 —7.0 








—9.0 





—10.0 
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TRANSITRON TYPE 2N475 N-P-N SILICON JUNCTION 


TRANSISTOR TYPICAL COMMON EMITTER CHARACTERISTICS 
















































































































































































: , : “as ‘ ‘ . Vey =6 VOLTS 
Transitron’s medium gain NPN silicon transistors are designed for low level g 10 q -10 os 
signal applications up to 200° C. 2 4 © = 
High temperature reliability is insured through close process control which Z 7 zZ -1 
results in a stable and low Ico up to the maximum voltage rating. Extensive 2 : ee = 
temperature cycling and storage, as well as mechanical and hermetic seal va o 4 
tests, are included as a regular part of the manufacturing process. : : g -3 
—2 
1 3 -1 b 4 
ABSOLUTE MAXIMUM RATINGS 80 8 0 A | 
. ' 01234 56 7 8 9101112131415 0 0.10.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Collector to Emitter Voltage Vcr 45 Volts COLLECTOR TO EMITTER VOLTAGE INPUT VOLTAGE V,, (VOLTS) 
Collector to Base Voltage Vos 45 Volts 
Emitter to Base Voltage Vers 2 Volts 
Total Power Dissipation at 25° C ambient 200 mw 
at 150° C ambient 60 mw 
Storage and Operating Ambient Temperature Range —65 to +200°C 
SPECIFICATIONS AND TYPICAL CHARACTERISTICS AT 25° C SMALL SIGNAL CHARACTERISTICS vs. SMALL SIGNAL CHARACTERISTICS vs. 
EMITTER CURRENT V; =6 volts, T; =25°C COLLECTOR VOLTAGE I,=—Ima, 7; =25°C 
Common Emitter Parameters: Min. Typical Mac. 10 
Current Gain at 1 Ke hfe S) Ss 
Current Gain at 1 Mc hfe E 5 iho Ee 
Power Gain * P.G. db - N a 
Noise Figure * N.F. db 3 2 ral 5 
Common Base Parameters: gl oe : 
Collector Cutoff Current, Ico, at S me = a 
Rated Max. Vcs at 25°C pa N 0.5 ope & 0. 
at 150° C pa : : 
Collector Cutoff Current, Ico, at Voz B oo # 0, 
= 6 volts at 25°C pa 4 Z 
at 150° C ya 0.1 . 
Emitter Cutoff Current at Vin = 2 Ixzo pa 01-02 -05 -1 -2 -5 -10 1 2 5 10 20 650 
ellie EMITTER CURRENT 1 ¢ (ma) COLLECTOR VOLTAGE V, (VOLTS) 
Input Impedance hip ohms 
Output Admittance hop umhos 
Voltage Feedback Ratio hyp x 10-4 
Output Capacitance at 1 Mc Cob put 
D.C. Collector Saturation Resistance Res ohms 





*Rs = 1000 ohms, Ry, = 30K, f = 1 Ke. Note: Small signal parameters measured at 
. =6V,I, = —1 ma. 
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HONEYWELL TYPE 2N539 P-N-P GERMANIUM JUNCTION 


‘rYPICAL COMMON EMITTER CHARACTERISTICS TRANSISTOR 









































SMALL SIGNAL CHARACTERISTICS COLLECTOR CUTOFF CURRENT , : a 
vs. TEMPERATURE vs. JUNCTION TEMPERATURE The Honeywell 2N539 is a rugged, hermetically sealed germanium PNP 
Vep=6 volts, Ie=—ima Vep=6 volts, Ie=0 a . . ‘ ; % 
12} 

10 g 10 es eer Ea GR, transistor designed for a variety of uses including servo amplifiers, power 
B : : : ee ee conversion, voltage regulation, switching, etc. It is capable of carrying 3 
B po Pen Te es Ge Be ee amperes, has 80-volt collector diode and punch-through ratings and has a 
3 ks “ thermal design permitting 10 watts of dissipation at a 70° C case tempera- 
z E 01 ture. Limits of current gain and transconductance are the same as those for 
a 2 the former Honeywell type H6. The exact replacement for the H6, however, 
iS 5 < is the 2N539A which is unilaterally interchangeable with the 2N539 but, in 
3 hrb 4 005 addition, is characterized by power conductance and input resistance limits. 
Z 0. 8 01 

—50 0 2 50 100 150 0 25 50 7% 100 125 150 DESIGN LIMITS 
JUNCTION TEMPERATURE 7, (° JUNCTION TEMPERATURE, T; (°C ; 
a es Junction Temperature, Ty.........00. 0.00.0 c cece eee e eae 95° C Max. 
Thermal Resistance, Junctions to Mounting Base, 0.......... 2.2° C/Watt Max. 
Collector-to-Base Voltage, Vop......... 0. cece ecceeeeeeeues —80 Volts Max. 
Emitter-to-Base Voltage, Ven. ... 0.0... .0 cece ccc eee eeee —28 Volts Max. 
Emitter Current, RMS, Ig.... 0.0.00... e eee eee —3.5 Amps Max. 
Base Current, RMS, Ip.........0.00 000 cc cece cece eee ee ees —0.5 Amps Max. 
POWER DISSIPATION MECHANICAL DATA Renita 
AMBIENT TEMPERATURE 1s Collector 

ge 585 Max. “py Dis eu 

g a aes 

3 200 go rt (fF 

z mee at = 

S 150 pseme $ 

: ths gt 

2 100 

a peace law to change 

a in accordance with industry 

& 50 standards established by JETEC 

S 0 ENCAPSULATION: Welded hermetic seal. 

















MOUNTING POSITION: Any. 
0 2 50 7 100 125 150 17 NOTE: Case isolated from all leads. 


AMBIENT TEMPERATURE (°C) 
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PERFORMANCE SPECIFICATIONS 


Tus = 25° + 3° C (43% tolerance applies to all electrical measurements) 
i 




















Characteristic Conditions Symbol| Min. | Typ. Max. Unit 
Current Gain, Common | Ic = —2a, Hre 30 43 75 
Emitter Vor = —2Vv 
Base-to-Emitter Voltage | Ic = —2a, Vaz | —1.0] —1.7 —2.5 | Volt 
Von = —2Vv 
*Power Conductance, Ic = —2a, Gp 35 51 105 Mho 
Common Emitter Vcr = —-2Vv 
*Input Resistance, Ic = —2a, Hirer 27 37 54 Ohm 
Common Emitter Vcr = —2Vv 
Thermal Resistance, 0 17 2.2 | °C/W 
Junctions to Mount- 
ing Base 
Time Response of Junc- T 10 30 Ms 
tion Temperature 
Collector Junction Ip = 0, IcBo 
Leakage Current Vos = —2Vv —0.04 | —0.1 | Ma 
—28 v —0.1 | —1.0 
—60v —0.3 | —2.0 
—80v —0.6 |-—10 
Emitter Floating Po- Res = 10K, Vesr 
tential Vcsp = —60v —0.1 —0.3 | Volt 
—80v —04 | —1.5 
Emitter Junction Leak- | Ic = 0, Teo 
age Current Ves = —2V —0.03 | —0.15 | Ma 
—28 v —0.15 | —2.0 
Collector Saturation Ic = —2a, Vg —0.15 | —0.6 | Volt 
Voltage Ip = —200 ma 
Cut-off Frequency, Veco = —28 v, | Far 7 Ke 
Common Emitter Ry = 142 
Rise Time, Active Re- | Voc = —28V, | tr 40 psec 
gion, Common Ri = 142 
Emitter Ic = —1.8a 
Fall Time, Active Re- Voc = —28v, | tt 70 psec 
gion, Common Ry = 142 
Emitter Ip = 














* Applies to 2N539A only. 
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TYPICAL CHARACTERISTICS, Typ= 25°C 
-3 
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COLLECTOR CURRENT I, AMPERES 


MOUNTING - 

It is very important that a power transistor be provided with a good 
heat dissipating facility. The surface to which the transistor is 
attached must be flat and free from burrs. The nut must be tightened 
securely (150 inch-ounce torque limit when used against a metal chassis 
or the bushing supplied, provided that all parts are clean and dry). 


DIMENSIONS AND CONNECTIONS 






Mounting hole H dia. 


Heat sink flat 
mounting surface 8-32NC-2A 
Fr] Screw thread 


Mica washer 








| eR OnnerET 
HUME 


A iidsataaba . a Insulator bushing 
heat flow ow@e 8-32NC-2B brass 
= hex nut torque .542'dia. 


limit 150 in, oz, 



































Appendix II 


PARAMETER CONVERSIONS 








PROPERTIES OF THE TERMINATED FOUR-TERMINAL NETWORK 

















Given 

To 

Find|~ 
z y h g a 

Z. A? + 2uZi | 1+ yoo: | hur + A"Zi | goo t+ Zi | aie + aeiZi | bis + beZ1 

. zeot+ Zi | yu t AZ, | 1+ heer | AF + giiZi | aoe + aaZi | bir + bZy 
Z A? + 22Z, | 1+ yud, Au + Ze | goo + A®Z, | aio + avZ,e | diet bude 

7 @u+ Ze | yo + AZ, | Ah+ haZe| l+guZ_e | au + anZz | bee + baZ, 
A 2Z1 —Yyuhi hadi gaiZ1 Zi AZ, 

"| At + anZr | V+ yet. | Aut AZ| goo + Zi | aie + anZr | bie + b22Z1 
2 — 221 yea ha —9a1 eae =a 

‘ to+ Zi | yu + AZ. | 1+ hood | A® + guZr | do + aaZr | bu + b2Z1 









A is the parameter determinant. For example, if x parameters were to be defined, 
A® = 211022 — 21201. 
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oe a ee ae SS ee RO 


MATRIX CONVERSIONS 


Given 























_ 
bar 
[2] 
bu 
bat 
al 
bie 
ly] 
bee 
bie 
1 xy _ 
Yu yu bit 
[h] 
ya = AY a bo 
Yu Yu bu 
Ay ye =! 
Y22 Y22 bee 
[9] 
~yn 1 bu 
Y22 Y22 boo 
-vn =I iD bu 
Yor Yon Ae 
\a] 
—Ay gu bu 
Yor Ae 
=m 
Y12 
[d] 
—Ay 





Vie Yie 





Pc 201 SILICON TRANSISTOR VIDEO AMPLIFIER 











100 Q 
Operating characteristics: 
M } Voltage amplification............. 45 
Appendix III " Rise time? (+150°'C)........... 1.0 usec 
‘Rise time? (+25° C)............ 0.5 usec 
Droop for 500 usec pulse (— 50° C).. 3.0% 
Maximum output amplitude’..... 2 v peak 
NBS PREFERRED CIRCUIT NO. 201 | Maximum input amplitude * 45 mv peak 
SILICON TRANSISTOR VIDEO AMPLIFIER Input impedance................. 22 KQ 
; Output impedance............... 250 Q 
Maximum amplification variation 
with transistor replacement.!.... +5% 
+25V ? Maximum amplification variation 
4 with temperature.*............. +5, —10% 


Minimum load resistance: 10 KQ. 
Temperature range: —50° C to +150° C. 


NOTES: 


q aging. 

; 2. Total output capacitance = 30 uupf. 
3. Plus and minus from ac zero level. 
4. Load resistance = 10 KQ. 





Components: 


R5: Select for desired voltage amplification. 
C7: Between 4 and 30 uf, to be selected after total output capacitance is determined. 
R5, R10: +1% limits; all other R: +10% limits. All C: +20% limits. (Note 1) 
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Ré: 
220 Q 


20 

0.9 usec 

0.4 usec 
1.5% 

2 v peak 
100 mv peak 
27 KQ 

210 Q 


3% 
ey 99 
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470 Q 


10 

0.7 usec 
0.35 usec 
1.0% 

2 v peak 
200 mv peak 
32 KQ 

180 Q 


2% 
+2, —7% 


q 1. The performance specifications are based on component values which do not 
deviate from the nominal by more than the limits specified above. Thus the term 


“limits” includes the initial tolerance plus drifts caused by environmental changes or 
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PC 201 SILICON TRANSISTOR VIDEO AMPLIFIER 


1. Application 


PC 201 is a high-gain intermediate-level (+2.0 volts maximum output) 
transistor video amplifier for use in applications where stability of gain and 
a wide temperature range are important. It is non-inverting, has an input 
impedance of 20 KQ, and will operate into loads of 10 KQ or larger. Impedance 
levels are such that it may be cascaded for additional voltage gain. 


2. Design Considerations 


Silicon transistors are used to obtain a wide temperature range. Negative 
feedback of 20 db extends the frequency range and stabilizes the voltage am- 
plification against temperature changes and transistor replacement. Selection 
of R5 provides for a choice of voltage gain. 

Hither raising the value of R5 or lowering the value of R10 will decrease 
the voltage amplification with only slight accompanying change in bandwidth. 
This situation results from the fact that changing either R5 or R10 in a direc- 
tion to decrease voltage amplification decreases the open loop voltage gain, 
A,, while increasing the feedback factor, B. Thus the change in magnitude 
of negative feedback, BA,, is slight, resulting in only a slight increase in band- 
width at the lower gain. Changing R5 is preferred since it will not derate 
the maximum output voltage that may be obtained. 

The major limitation on circuit bandwidth and temperature range is im- 
posed by the transistor itself. The input impedance, current amplification 
and, to a lesser extent, the output impedance of the transistor all have an 
effect on the voltage amplification. The limitation is imposed because the 
variation of these parameters with frequency or with temperature is much 
more severe than the variation in component values. Since all three param- 
eters are interdependent in determining voltage gain, there is no one param- 
eter measurement which will gauge operation of the transistor at extreme 
temperatures or at high frequency. For this reason the alpha cutoff frequency, 
fa,.) though a good indication of high frequency performance, is not directly 
related to the rise time that may be achieved with any particular transistor, 

Resistors R4 and RQ, in conjunction with the biasing resistors, serve to 
minimize the change in quiescent operating point accompanying temperature 
variation and transistor replacement. A ratio indicating the relative amount 
of stabilization may be computed for each stage with the value of unity indi- 
cating perfect operating point stabilization. The stabilization ratio for QI is 


hye 
1 


this oF oe R4/R1 + R4/R2 
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where hy. is the common emitter forward current transfer ratio. A similar 
expression applies to Q2 with R9, R6, and R7 substituted for R4, R1, and 
R2. The stabilization ratios are 0.8 and 0.87 for Q1 and Q2 respectively. 

The value of R8 is low enough so that the total capacitance of the output 
terminals is driven without a significant increase in rise time and yet high 
enough to provide sufficient open-loop gain for the circuit. 

Capacitor C7 compensates for overshoot produced by the total capacitance 
at the output terminals and is to be selected after that capacitance is deter- 
mined. Its value will be between 4 and 30 uuf for output capacitance values 
up to 100 uyf. 

An important aspect of the circuit design is the ability to cascade feedback 
pairs for additional voltage amplification. This is possible due to the high 
input impedance and low output impedance resulting from negative voltage 
feedback. 


3. Performance 


Voltage amplifications of 45, 20 or 10 are obtained for R5 = 100, 220 or 
470 © respectively. For each, an output extending plus and minus 2 volts 
from the average voltage of the waveform may be obtained. 

For any 2N333 transistors within the specified limits of beta (18 to 40), 
the maximum variation of voltage amplification with transistor replacement 
is given in Figure 201-1 for the three alternate values of voltage gain. Im- 





-5 






Lower limit 8B By 
Temperature 25° C 
Qe 


DESIGN CENTER VALUE 
° 


VARIATION OF VOLTAGE 
AMPLIFICATION FROM 


10 20 45 
DESIGN CENTER VOLTAGE AMPLIFICATION 


Fig. 201-1. Variation of voltage amplification from design center value with transistor 
replacement. 


proved stabilization is obtained with higher values of load resistance. Re- 
placement of transistor Q2 has considerably more effect on the voltage am- 
plification than replacement of QI. At 10 KO load and R5 = 1002, maxi- 
mum amplification variation with replacement of QI is only 40.5%, 
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The maximum variation of voltage amplification with temperature is given 
in Figure 201-2 for the three alternate values of voltage amplification. Here 
again, improved stabilization is obtained with higher values of load resistance. 
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10 20 45 
DESIGN CENTER VOLTAGE AMPLIFICATION 


Fig. 201-2. Variation of voltage amplification from design center value with tempera- 
ture. 


Voltage amplification variation with temperature is primarily due to transistor 
parameter variations. Relatively few 2N333 transistors have the poor tem- 
perature characteristics shown in Figure 201-2. For the highest gain circuit, 
percentage variations of +2 and —6% would cover the great majority of 
cases with proportionately smaller changes for the lower gain circuits. 

Though the circuit will operate into loads less than 10 KQ, the voltage 
amplification stabilization is poor due to reduced open-loop gain. As the 
load resistance is increased above 10 KQ, the open-loop gain becomes larger 
and the stabilization of voltage amplification is improved. Values of load 
equal to 100 KQ or larger appear as no load, beyond which the open-loop 
gain cannot be increased. 

For R5 = 1002 (voltage amplification of 45) the maximum droop, occur- 
ring at low temperature, is 3% for a 500 usec pulse. At reduced gain the 
droop decreases to 1.5% for R5 = 220 and 1.0% for R5 = 470 o. 

The rise time of PC 201 will vary depending on the transistor in the output 
stage and the ambient temperature. Rise times given on the circuit sheet, 
and in Figure 201-3 are the worst that may be expected. 

Output waveforms at 25°C, 150° C, and —50° C for two sample pairs of 
transistors are shown in Figures 201-4 and 201-5. The input is a 250 ke 
square wave having a rise time of .02 usec. The waveforms of Figure 2014 
have been compensated by C7 for overshoot, while those of Figure 201-5 are— 
the same waveforms not compensated. The two sample pairs chosen are not 
intended to represent the best or worst waveforms that may be obtained, 
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z 1.0 +150°C 
308 anaes 
0.6 
z +25°C 
04 —— 
a 0.2 50°C 
0 


0 10 20 45 
DESIGN CENTER VOLTAGE AMPLIFICATION 
Fig. 201-3. Maximum pulse rise time as a function of temperature and design center 
voltage amplification. 


(a) 


Input 250 kc square wave 
(a) Input 250kc square wave 








25°C 
ft 
\ \. 
(b) \ 
(b) 
150°C 
\ a 
\ 7 \. 
(c) SS \ 
(c) 
-50°C 
-50°C 
\\ 
\ \ \ \ 
(d) \ 
(d) \ 


Fig. 201-4. Waveforms of PC 201 for Fig. 201-5. Waveforms of PC 201 for 

two sample pairs of transistors. R5 = two sample pairs of transistors. R5 = 

100 Q. Output = 4 volts. Total out- 1009. Output = 4 volts. Total out- 

put capacitance = 30 uuf. Compensa- put capacitance = 30 pwuf. No com- 
tion for overshoot by C7. pensation for overshoot. 


Supply voltage variations of +10% will affect the voltage amplification by 
+1%. Maximum current drain from the supply is 3.5 ma. 
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Acceptor, 22 
Active region, 10 
Admittance, collector-base (see Parame- 
ters) 
AGC, 137, 206 
Alloy-junction transistor, 32 
Alpha, definition of, 11 
frequency variation of, 124 
graphical determination of, 12 
Alpha cutoff frequency, 41, 116, 124 
Alpha greater than unity, 33, 37, 273 
Aluminum antimonide, 20 
Amplification, current, 11 
power, 13 
voltage, 18 
Amplification factor, current (see Alpha, 
Beta, Parameters) 
Amplifier, AM, 283 
differential, 213 
direct-coupled, 209 
feedback, 188 
LF., 253 
large-signal, 141 
multistage, 165 
narrow-band, 252 
operational, 217 
power, 141 
R-C coupled, 119 
R.F., 253 
servo, 171, 223 
single-stage, 114 
specifications, 114 
transformer-coupled, 116 
tuned, 252 
video, 244 
Amplitude modulation, 281 
AM receiver, 208, 291 
Analog, transistor-tube, 5 
Arsenic, 22 
Astable multivibrator, 315 
Audio spectrum, 128 


Automatic gain control, 137, 206 
Available power gain, 103, 112, 239 
Avalanche breakdown, 28 


Band, conduction, 24 
empty, 25 
filled, 25 
valence, 24 
Bandwidth, 250 
cascade, 167, 192 
Bardeen, J., 1 
Barrier capacitance, 31 
Base, 4 
Base-emitter capacitance, 240 
Base resistance, 71 
Base-spreading resistance, 34, 237 
Base width, 31, 41 
Beta, definition of, 12 
frequency variation of, 124 
Beta cutoff frequency, 124 
Biasing, 10, 43 
cathode, 59 
cutoff, 58 
diode, 3 
emitter, 54 
equations for, 64 
fixed, 49 
self, 56 
single-battery, 52 
Bias stability, 44, 323, 346 
Bistable pulse circuits, 319 
Black-box characterization, 80 
Block analysis, 165 
Block diagram, AM receiver, 291 
FM receiver, 294 
Boltzmann’s constant, 29, 227 
Bottomed region, 16 
Brattain, W. H., 1 
Breakdown, avalanche, 28 
diode, 4 
Zener, 28 
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Bridge circuit, 163 
Bypass capacitor, 52 


Capacitance, barrier, 31 
base-emitter, 240 
collector-base, 34, 122 
depletion-layer, 31 
emitter-diffusion, 240 
input, 127, 243 
space-charge, 31 
Capacitor, silicon, 39 
Carriers, charge, 21 
majority, 24 
minority, 24 
Cascade amplifiers, 165, 199 
Cathode biasing, 59 
Characteristic curves, common-base, 9 
common-emitter, 8 
diode, 4, 29 
transfer, 9 
Charge carriers, 21 
Chopper amplifier, 215 
Class-A operation, 44, 151 
Class-A push-pull, 152 
Class-B operation, 155 
Class-B push-pull, 155 
Clipping, 438, 45, 155 
Collector, 4 
Collector capacitance, 34, 122 
Collector dissipation, 143 
Collector family (see Characteristic 
curves) 
Collector resistance, 71 
Collector-return resistor, 63 
Collector-voltage gain control, 206 
Colpitts-type oscillator, 277 
Common-base characteristic curves, 9 
Common-base configuration, 5 
Common-base formulas, 78, 86 
Common-collector configuration, 5 
Common-collector formulas, 79, 86, 110 
Common-emitter characteristic curves, 8 
Common-emitter configuration, 5 
Common-emitter formulas, 73, 77, 86, 90 
Comparison of configurations, 97 
Compensation, high-frequency, 246 
low-frequency, 245 
temperature, 158, 210 
Complementary symmetry, 6, 152 
Compound connection, 212 
Conduction band, 24 
Configuration, common-base, 5 
common-collector, 5 
common-emitter, 5 
reverse, 113 
Connection (ae also Configuration) 
compound, 212 








Constant-current source, symbol for, 7 
Constant potential source, symbol for, 7 
Contact, ohmic, 36 
rectifying, 36 
Control, tone, 233 
volume, 231 
Conversion, heterodyne, 289 
Copper-oxide, 20, 37 
Coupling, capacitance, 119 
direct, 209 
transformer, 116 
tuned, 254 
Covalent bonding, 21 
Crossover distortion, 157 
Crystal, 20, 279 
Crystal-controlled oscillator, 302 
Current amplification factor (see Alpha, 
Beta, Parameters) 
Current-generator equivalent T, 70, 238 
Cutoff bias, 58 
Cutoff current (see Leakage current) 
Cutoff frequency, alpha, 41, 116, 124 
beta, 124 
cascade, 167 
Cutoff region, 16 


db, 13 
D-c amplifiers, 63, 209 
chopper, 215 
chopper-stabilized, 220 
compound, 212 
differential, 213 
operational, 217 
D-c load resistor, 63 
Decibel, definition of, 13 
Decoupling, 186 
Deemphasis, 294 
Degenerated common-emitter amplifier, 
100, 131, 195 
Degenerative feedback, 100, 131, 188 
Delay time, 309 
Depletion-layer capacitance, 31 
Depletion region, 27, 142 
Design, biasing circuitry, 61 
Class-A power amplifier, 152 
multistage amplifier, 171 
single-stage amplifier, 114 
tuned amplifier, 259 
Detection, 206, 285 
diode, 285 
envelope, 286 
I'M, 289 
transistor, 288 
Determinant interrelations, 343 
Devices, metallic-contact, 36 
semiconductor, 89 
awitehing, 37 
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Diamond cubic lattice, 20 
Differential amplifier, 213, 223 
Differentiation circuit, 219 
Diffusion, 23 
Diode, double-base, 37 
four-layer, 38 
junction, 3 
noise, 229 
photo, 39 
p-n-p-n, 38 
point-contact, 37 
semiconductor, 3 
tunnel, 38 
Zener, 39 
Diode characteristics, 4, 29, 286 
Diode detection, 285 
Diode equation, 29 
Direct-coupled circuits, 63, 209 
Discriminators, 285 
Dissipation, 143 
Distortion, crossover, 157 
graphical analysis of, 150 
non-linear, 149 
reduction in, 190 
Donor, 22 
Doping, 21 
Double-base diode, 37 
Double-base transistor, 35 
Double-tuned circuit, 254 
Drift, carrier, 26 
Drift in d-c amplifiers, 210 
Drift transistor, 32 
Driver stage, 141 
Droop, 309 


Efficiency, Class-A, 162 

Class-B, 157 
Electron energy level diagrams, 24 
Electron-hole pair, 31 
Electron-volt, definition of, 25 
Emitter, 4 
Emitter bias, 54 
Emitter bypass capacitor, 52 
Emitter-coupled phase inverter, 159 
Emitter-current gain control, 136, 

207 

Emitter-diffusion capacitance, 240 
Emitter-follower, 5 
Emitter resistance, 71 
Empty band, 25 
Energy-level diagrams, 24 
Englund, J. W., 294 
Envelope detection, 286 
Equalization networks, 234 
Equation, diode, 29 
Equations, matrix, 80 
Equivalent circuit, d-c, 46 





Equivalent circuit, h, 80 
hybrid-7, 240 
matrix, 110 
normal-7, 257 
piezoelectric crystal, 279 
transformer, 117 
2, 80 

Esaki diode, 38 

Extrinsic, 21 


Factor, stability (see_M, N, and §) 
Feedback, degenerative, 100 
discussion of, 188 
local, 100, 195 
multistage, 199 
Feedback amplifiers, three-stage, 201 
two-stage, 203 
Feedback network, 222 
Feedback oscillators, 274 
Field-effect transistor, 34 
Filled band, 25 
Fixed bias, 49 
Flip-flops, 319 
FM demodulation, 289 
FM receiver, 292 
Forbidden gap, 24 
Forming, 37 
Four-layer diode, 38 
Four-terminal networks, 80, 342 
Frequency, alpha cutoff, 41, 116, 124 
beta cutoff, 124 
Frequency compensation, high, 245 
low, 245 
Frequency conversion, 289 
Frequency modulation, 285 Nie 
Frequency of oscillation, astable multivi- 
brator, 318 
Colpitts oscillator, 278 
Hartley oscillator, 278 
phase-shift oscillator, 276 
Frequency response shaping, 233 
Frequency stabilization of oscillators, 279 


Gain, available, 103, 112, 239 
current, 11 
maximum available, 103 
power, 13 
transducer, 103 
voltage, 18 
Gain and resistance formulas, common 
base, 78, 86 
common-collector, 79, 86, 110 
common-emitter, 73, 77, 86, 90 
Gain-bandwidth product, 245 
Gain control, automatic, 137, 206 
Gain considerations, 102, 136 
Gainspread, specified, 197 











Gain stabilization (see Feedback) 
Galena crystal, 20 
Gallium-arsenide, 20 
Gap, forbidden, 24 
Germanium, 2 
charge density in, 21 
resistivity of, 21 
Goodwin, E. B., 162 
Graphical analysis, 150 
Graphical characteristics, 4, 8, 10 
Grounded-base configuration, 5 
Grounded-collector configuration, 5 
Grounded-emitter configuration, 5 


Harmonic oscillators (see Oscillators) 

Hartley oscillator, 278 

Heat sink characteristics, 145 

High-frequency compensation, 246 

ney considerations, 34, 122, 

3 

High-impedance circuit design, 131 

Holes, 22 

Hole storage effects, 310 

Hook collector, 33 

h-parameters, definition of, 81: 
variation in with collector voltage, 95 
variation in with emitter current, 94 
variation in with temperature, 93 

Hybrid equivalent circuit, 81 

Hybrid-z equivalent circuit, 240 


Ico, definition of, 14 

variation with temperature, 47 
Icxzo, definition of, 15 
Txzo, definition of, 15 
LF. amplifiers, 253 
LF. rejection, 297 
Image rejection, 297 
Impedance transformations, 246 
Impurities, 21 
Indium-phosphide, 20 
Input capacitance, 127, 243 
Input impedance, 121, 127, 191 
Input impedance, short-circuit (see Pa- 

rameters) 

Input resistance, 74 
Insertion loss, 249 
Instability in feedback circuits, 193 
Instability of tuned amplifiers, 255 
Instantaneous analysis, 107 
Integrating amplifier, 218 
Internal feedback, 241 
Interstage coupling (see Coupling) 
Intrinsic, 21 
Inverters, phase, 158 
Iterative connection, 185 
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Junction, p-n, 3 
Junction temperature, 143 
Junction tetrode, 35 
Junction transistor, 2 


Large-signal amplifiers, 141 
Large-signal parameters, 147 
Lattice, diamond-cubic, 20 
Leakage currents, 14 
Lo, A. W., 231 
Load line, a-c, 129 
d-c, 59 
Load line construction, 60, 130 
Load resistance, effects upon perform- 
ance, 97 
Local oscillator, 280 
Loss, insertion, 249 
Low-frequency compensation, 244 
Low-frequency considerations, 119, 244 


M, definition of, 51 
Majority carriers, 24 
Matrix conversions, 343 
Matrix equations, 80 
Matrix parameters, 80 
Maximum available gain, 103, 112 
Mesa transistor, 32 
Metallic-contact devices, 36 
Middlebrook, R. D., 241 
Miller effect, 127, 242 
Minority carriers, 24 
Minority carrier storage effect, 310 
Mixing, 289 
Mobility, 40 
Modes, 148 
Modulation, 215, 281 
amplitude, 281 
frequency, 285 
phase, 285 
pulse, 281 
Monostable multivibrator, 318 
Mounting, power transistor, 143 
Mu, definition of, 238 
Multistage amplifiers, 165, 199 
Multivibrator, astable, 315 
bistable, 319 
monostable, 318 


N, definition of, 51 

Narrow-band amplifiers, 252 

NBS preferred circuit No. 201, 314, 344 
Negative feedback, 100, 131, 188 
Negative resistance, 37, 272 
Negative-resistance oscillators, 272 
Network, interstage coupling (see Coup- 


ling) 
Nebwonk, thermal, 144 
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Neutralization, 256 
Noise, 2, 191, 226 
semiconductor, 228 
shot, 228 
thermal, 227 
white, 227 
Noise diode, 229 
Noise figure, definition of, 228 
Nonsaturated switches, 314 
Normal-r circuit, 257 
Notation, 6, 82 
n-type, 3, 22 
Nyquist, H., 227 
Nyquist diagram, 194 


Operating point, 10, 43 

Operating point shifting, 154 

Operation, classes of, 148 

Operational amplifiers, 217 

Operation limits, 141 

Orientation (see Configuration) 

Oscillators, relaxation (see Astable multi- 

vibrator) 

Oscillators, sinusoidal, Clapp-type, 279 
Colpitts-type, 277 
crystal-controlled, 302 
feedback, 274 
Hartley-type, 278 
negative resistance, 272 
phase-shift, 274 
radio-frequency, 280 
transformer feedback, 274 
Wien-bridge, 279 

Output capacitance, 122 

Output impedance, 192 

Output resistance, 74 

Overdriving, 311 

Overshoot, 348 


Pair, electron-hole, 31 
Parameter conversions, 342 
hto T, 92 
T to h, 92 
Parameter determinant, 86 
Parameter interrelations, 88, 92, 342 
Parameters (see h-, r-, Hybrid, Matrix, 
Large-signal) 
Parameter variations, with collector volt- 
age, 94, 123 
with frequency, 124 
with emitter current, 94, 123 
with manufacturing tolerances, 95 
with temperature, 94 
Parasitic effects, 237 
Peak clipping, 48, 45, 155 
Peak inverse voltage (PIV), 4 
Pedersen, N, E., 231 





Periodic table, 22 

Pettit, J. M., 231 

Phase inverters, 158 

Phase shift, 120 

Phase-shift oscillator, 274 

Piezoelectric crystal, 279 

p-n junction, 26 

p-n-p-n hook collector, 33 

Point-contact transistor, 2 

Potential hill, 27 

Power amplifiers, 141 

Power conductance, 148 

Power gain, 13 

Power output limitations, 141 

Power transistor mounting, 143 

Preemphasis, 294 

Pritchard, R. L., 239 

p-type, 3, 22 

Pulse circuits, 304 

Pulse generators, 315 

Push-pull operation, Class-A, 152 
Class-B, 155 


Q, 44, 247 
Quiescent point, 44 


Radio-frequency (R.F.) amplifier, 253 
Radio-frequency oscillators, 280 
Rate growing, 33 
Top’, 237 
RC coupling, 119 
Recombination, 30 
Rectifier (see also Diode) 
silicon controlled, 38 
Region, active, 10 
cutoff, 16 
saturation, 16 
Regulation, 118 
Rejection, I.F., 297 
image, 297 
Resistance, input, 74 
negative, 37, 272 
output, 74 
saturation, 16 
thermal, 143 
Resistivity, 21 
Resonance, 248 
Reverse connection, 113 
RIAA playback characteristic, 236 
Rise time, 310 
r-parameters, 71 
Runaway, thermal, 146 


S, definition of, 49 

Saturation current (see Leakage current) 
Saturation region, 16 

Saturation resistance, 16 








Schockley, W., 239 
Seed, 32 
Selenium, 20, 37 
Self bias, 56 
Semiconductors, 2 
Series-parallel conversions, 246 
Servo amplifiers, 171, 223. 
Shea, R. F., 257, 285 
Short-circuit current amplification factor 
(see Alpha, Beta, Parameters) 
Short-circuit input impedance, 82 
Sidebands, 282 
Signal-to-noise ratio, 226 
Silicon, 2 
carrier density in, 21 
resistivity of, 21 
Silicon capacitor, 39 
Silicon controlled rectifier, 38 
Silicon transistor characteristics, 115 
Single-battery bias, 52 
Single-tuned circuit, 254 
Small-signal parameters (see Parameters) 
Source interchange, 71 
Space-charge capacitance, 31 
Space-charge region, 27 
Spacistor tetrode, 35 
Specifications, circuit, 114 
transformer, 118 
Spectrum, audio, 128 
Speed-up capacitor, 310 
Split-load phase inverter, 159 
Stability factor (see M, N, and 8) 
Stabilization of bias, 44 
Stabilization of gain (see Feedback) 
Stagger tuning, 265 
Static characteristics (see Characteristic 
curves) 
Step function, 308 
Stored base charge, 310 
Summing amplifier, 217 
Surface-barrier transistor, 33 
Switching, 215, 304 
Symbols, 6, 82 


T-circuits, 70, 238 
Temperature compensation, 158, 210 
Temperature effect on parameters, 94 
Temperature limitations, 143 
Temperature variation of Ico, 47 
Terman, F’, E., 231 
Tetrode, junction, 35 

spacistor, 35 
Thanos, H,, 204 
Thermal network, 144 
Thermal resistance, 143 
Thormal runaway, 146 
Thormal time constant, 145 








Thermistor, 39 
Three-stage feedback amplifiers, 201 
Thyristor, 38 
Time constant, 311 
Tone control, 233 
T-parameters, 71 
Transconductance, 148, 241 
Transducer gain, 103\112 
Transfer characteristics, 9, 130 
Transformer, coupling, 116 
equivalent circuit for, 117 
specifications for, 118 
Transient response, 309 
Transistor, advantages of, 1 
alloy-junction, 32 
disadvantages of, 2 
double-base, 35 
drift, 32, 35 
field-effect, 34 
grown-junction, 32 
mesa, 32, 35 
p-n-i-p, 35 
p-n-p-n, 33 
point-contact, 2, 37 
rate-grown, 33 
surface-barrier, 33, 35 
tetrode, 35 
unijunction, 37 
unipolar, 33 
Transistor detection, 288 
Transition region, 28 
Triode, junction, 4 
Tuned-amplifier design, 257 
Tuned amplifiers, 252 
Tuned circuit theory, 246 
Tuning, double, 254 
single, 254 
stagger, 265 
Tunnel diode, 38 
Two-stage feedback amplifiers, 203 


Unijunction transistor, 37 
Unilateralization, 256 
Unipolar transistor, 33 


Valence band, 24 
Van der Ziel, A., 239 
Variations, production, 95 
Variations with collector voltage, param- 
eter, 94, 123 
Variations with emitter current, param- 
eter, 94, 128 
performance, 136 
Variations with frequency, parameter, 
124 
performance, 185 
Variation with temperature, Zeo, 47 
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Volume control, 231 


| Varistor, 39 
| Video amplifiers, 244, 314 Wide-band amplifier (see Video amplifier) 
| Volkers, W. K., 231 Wien-bridge oscillator, 279 
Voltage amplification, common-base am- | Work function, 36 
plifier, 78, 86 





common-collector amplifier, 79, 86, 110 | y-parameters, 265 
common-emitter amplifier, 73, 77, 86, 
90 ; Zener breakdown, 28 oy 
Voltage breakdown, avalanche, 28 Zener diode, 39 1M 


| _ Variation with temperature, parameter, | Voltage, peak inverse, 4 
94 

| 

Zener, 28 


z-parameters, 81 











